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J (57) Abstract: Double-stranded RNA (dsRNA) induces sequence-specific post-transcriptional gene silencing in many organisms 

. by a process known as RNA interference (RNAi). Using a Drosophila in vitro system, we demonstrate that 19-23 nt short RNA 

^ fragments are the sequence-specific mediators of RNAI. The short interferii^ RNAs (siRNAs) are generated by an RNase Hi-like 
processing reaction ftom long dsRNA. Chemically synthesized siRNA duplexes with overhanging 3' ends mediate efficient target 

) RNA cleavage in the lysate, and the cleavage site is located near the center of the region spanned by the guiding siRNA. Furthermore, 

► we provide evidence that the direction of dsRNA processing determines whether sense or antisense target RNA can be cleaved by 

"■ the produced siRNP complex. 
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RNA INTERFERENCE MEDIATING SMALL RNA MOLECULES 

RELATED APmCATIONS 

This application claims priority to U.S. provisional application number 60/382,983 
5 filed on May 24, 2002, the contents of which are incorporated herein by reference. 

BACKGROUND 

The term "RNA iateiferenee" (RNAi) was coined after the discovery that injection of 
dsRNA into the nematode C. elegans leads to specific silencing of genes highly homologons 

•t 0 in sequesnce to the delivered dsRNA (Fire et al, 1998). ENTAi was subsequently also 

observed in insects, frogs (OelgescMager et ah, 2000), and other animals including mice 
(Svoboda ah, 2000; Wianny and ZemicJca-Goetz., 2000) and is likely to also exist in 
humans. RNAi is closely linked to thepost-transcriptional gene-silaicing (PTGS) 
mechamsm of co-suppression in plants and quelling in fungi (Catalanotto et al, 2000; 

15 Cogoni and Macmo, 1999; Dahnay et al, 2000; Ketting and Plasterk, 2000; Mourrain et al, 
2000; Smardon et al, 20OO) and some components of tbe RNAi machineiy are also necessary 
for post-transcriptional silencing by co-suppression (Catalanotto et al.y 2000; Demburg et al, 
2000; Ketting and Plasterk, 2000)., The topic has also been reviewed recently (Bass, 2000; 
Bosher and Labouesse, 2000; Fire, 1999; Plasteds and Ketting; 2000; Sharp, 1999; Sijen and 

20 Kooter, 2000; Plant Molecular Biology, vol. 43, issue 2/3, 2000). 

In plants, in addition to PTGS, introduced transgenes can also lead to transcriptional 
gene silencing via RNA-directed DNA methylation of cytosines (see references in 
Wassenegger, 2000). Genomic targets as short as 30 bp are methylated in plants in an RNA- 
directed manner (Pelissier, 2000). DNA mettiylation is also present in mammals. 

2S The natural function of RNAi and co-suppression appears to be protection of the 

genome against invasion by mobile genetic elements such as retrotransposons and viruses 
which produce aberrant RNA or dsRNA in the host cell when tliey become active (Jensen et 
al, 1999; Ketting et al, 1999; Ratcliff al, 1999; Tabara et al, 1999). Specific mRNA 
degradation prevents transposon and virus replication although some viruses are able to 

30 overcome or prevent this process by expressiag proteins that suppress PTGS (Lucy et ah, 
2000; Voinnet et al, 2000). 
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DsRNA triggers Uib specilSc degradation of homologous RNAs only within the region 
of identity with the dsRNA (Zamore &t al., 2000). The dsKNTA is processed to 21-23 nt RKA 
ftagments and the target KNA cleavage sites are regularly spaced 21-23 nt apart. It has 
Qieiefore been suggested that ttie 21-23 nt fragments are the guide KNAs for target 
recognition (Zamore et al, 2000). 'These short RNAs were also detected in extracts prepared 
from D. melanogaster Sckaeider 2 cells which ware transfected with dsRNA prior to cell 
lysis {Hatnraond et al, 2000), however, the fractions that displayed sequence specific 
nuclease activity also contained a large fraction of residual dsRNA. The role of the 2 1-23 nt 
fragments in guiding inKlSfA cleaviage is fiirther supported by the observation that 21-23 nt 
fragEfteats isolated from processed, dsRNA are able, to some extent, to mediate specific 
mRNA degradation (Zamore al-, 2000). RNA molecules of similar size also accumulate in 
plant tissue that exhibits PTGS (Hamilton and Baulcombe, 1999). 

Here, we use the established Drosophila in vitro systan (Tusdil et al., 1999; Zamore 
et ah, 2000) to further explore the mechanism of RNAi. We demonstrate that short 21 and 
22 nt RNAs, when base-paired with 3' overhanging ends, act as the guide KNAs for sequence 
specific mRNA degradation. Short 30 bp dsRNAs are unable to mediate RNAi in this system 
because tiiey are no longer processed to 21 and 22 nt RNAs. Furthermore, we defined the 
target RNA cleavage sites relative to the 21 and 22 nt short inteifering RNAs (siRNAs) and 
provide evidence that the direction of dsRNA processing deteimin.es whether a sense or an 
antisense target RNA can be cleaved by the produced siRNP endonuclease complex. 
Further, the siRNAs may also be important tools for transcriptional modulating^ e.g., 
silenciag of mammalian genes by guiding DNA methylation. 

Further experiments in human in vivo cell culture systenjs (HeLa cells) showed that 
double stranded RNA molecules having a leogth of pr^erably j&om 19-25 nucleotides have 
RNAi activity. Thus, in contrast to the results from Drosophila also 24 and 25 nt long double 
stranded RNA molecules are efficient for RNAi. 

SUMMARY 

The present tavention provides methods of mediating target-specific RNA 
interference. The compositions and methods described herein have improved efficacy and 
safety compared to prior art compositions and methods. 
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The invention further relates to the use of isolated double stranded RNA molecules, 
wherein each RNA strand has a length from 19-25 nucleotides, for mediating target specific 
nucleic acid modifications, particularly RNA interference (RNAi), in mammalian cells, 
particularly in human cells. Pref^ably, each strand of the RNA molecule has a length from 

5 20-22 nucleotides (or 20-25 nucleotides in mammalian cells), wherein the lenglh of each 
strand may be the same or different Preferably, the leaigth of the 3 -overhang readies from 
1-3 nucleotides, wherein the length of the overhang maybe the same or different for each 
strand. The RNA-strands preferably have 3 '-hydroxyl groups. The 5'-temiuius preferably 
includes a phosphate, diphosphate, triphosphate or hydroxyl group. The most effective 

10 dsRNAs are composed of two 21 nt strands which are pafred such that 1-3 nt (particularly 
2 nt) 3' overhangs are present on both ends of the dsRNA. 

One aspect of tiie invention relates to a melhod of mediating target-specific nucleic 
acid modifications, particularly RNA interference and/or DNA methylation. in a cell or an 
organism. The method can include the following steps: 

15 (a) contacting the cell or organism with the double stranded RNA molecule of the 

invention under conditions wherein target-specific nucleic acid modifications may occur and 

(b) mediating a target-specific nucleic acid modification effected by the double 
stranded RNA towards a target nucleic acid having a sequence portion substantially 
corresponding to the double stranded RNA. 

20 The target gene to which the RNA molecule of the invention is directed may be 

associated with a pathological condition. For example, the gene may be a pathogen- 
associated gene (e.g., a viral gene), a tumor-associated gene, or an autohrunune disease- 
associated gene. The target gene may also be a heterologous gene expressed in a 
recombinaut cell or a genetically aljtered organism. By modulating, and particularly 

25 inhibiting, the ftmction of such a gene, valuable information and therapeutic benefits in the 
agricultural and medical fields can be obtained. 

lu one aspect, the invention features a method of treating a subject at risk for or 
afflicted with unwanted cell proliferation, e.g„ maHgaant or nonmalignaut cell proliferation. 
The method includes: 



3 
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providing an siRNA, e.g., an siEiNA having a structure described herein, where the 
siRNA is homologous to and can silence, e,g„ by cleavage, a gesne ihat promotes unwanted 
cell prolil^tion; and 

administering the siRNA to a subjed; preferably a human subject, thereby treating the 

5 subject. 

In a preferred embodiment; the gene is a growth factor or growth factor receptor gene, 
a kinasej e.g., a protein tyrosine, serine or threonine kinase gene, an adaptor protein gene, a 
gene encoding a G protein superfamily molecule, or a gene encoding a transcription factor. 

In a preferred embodiment, the siRNA silences the PDGF beta gene, and thus can be 
1 0 used to treat a subject having or at risk for a disorder characterized by unwanted PDGF beta 
expression, e.g., testicular and Imjg cancers. 

In another preferred embodiment the siRNA silences the Erb-B gene, and thus can be 
used to treat a sobject having or at risk for a disorder characterized by unwanted Erb-B 
expression, e.^., breast cancer. 
15 In a preferred embodiment, the siRNA silences the, Src gaie, and thus can be used to 

treat a subject having or at risk for a disorder characterized by unwanted Src expression, e.g., 
colon cancers. 

In a preferred embodiment, the siRNA siloices the CRJK gene, and thus can be used 
to treat a subject having or at risk for a disorder characterized by unwanted CRK expression, 
20 e.g., colon and lung cancers. 

In a preferred embodiment, the siRNA silences the GRBZ gene, and thus can be used 
to treat a subject having or at risk for a disorder characterized by unwanted GRB2 
expression, e.g., squamous cell carcinoma. 

In another prefeired embodiment the siRNA silences the RAS gene, and thus can be 
25 used to treat a subject having or at risk for a disorder characterized by unwanted RAS 
expression; e.^., pancreatic, colon and lung cancers, and chronic leukemia. 

In another preferred embodiment the siRNA silences the MEKK gene, and thus can 
be used to treat a subject having or at risk for a disorder characterized by unwanted MEKK 
expression, squamous cell carcinoma, melanoma or leukemia. 



4 
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In another preferred embodimeat the siRNA sileaces the JKKl gene, and thus can be 
used to treat a subject having or at risk for a disorder characterized by unwanted JMK 
expression^ e.g., pancreatic or breast cancers. 

In a preferred embodiment, the siElNA silences the RAF gene, and thus can be used to 
treat a subject having or at risk for a disorder characterized by unwanted RAF expression, 
e.g., lung cancer or leukemia. 

In a preferred embodiment, the siRNA silences the Erk]y2 gene, and thus can be used 
to treat a subject having or at risk for a disorder characterized by unwanted Erkl/2 expression, 
e.g.t, limg cancer. 

In another preferred Knbodiment the siKNA silences the PCNA(p2l)gene, and thus 
can be used to treat a subject having or at risk for a disorder characterized by unwanted 
PCNA expression, e,g., lung cancer. 

In a prejEerred embodiment, the siRNA sileaces the MYB gene, and thus can be used 
to treat a subject having or at risk for a disorder characterized by unwanted MYB expression, 
e.g., colon cancer or chronic myelogenous leukemia. 

In a prcfaared embodiment^ the siKNA silences the c-MYC gene, and thus can be 
used to treat a subject having or at risk for a disorder characterized by unwanted c-MYC 
expression, e.g., Burkitt 's lymphoma or neuroblastoma. 

In another preferred embodiment the siRNA silences the JUN gene, and thus can be 
used to treat a subject having or at risk for a disorder characterized by unwanted JUN 
expression, e.g., ovarian, prostate or breast cancers. 

In another preferred embodtneot the siRNA silences the FOS gene, and thus can be 
used to treat a subject having or at risk for a disorder characterized, by unwanted FOS 
expression, e.g., skin or prostate cancers. 

In a preferred embodiment, the siRNA silences the BCL-2 gene, and thus can be used 
to treat a subject having or at risk for a disorder characterized by unwanted BCL-2 
expression, e.g., lung or prostate cancers or Non-Hodgkin lymphoma. 

hi a preferred embodiment, the siRNA silences the Cyclin D gene, and thus can be 
used to treat a subject having or at risk for a disorder characteriized by unwanted Cyclin D 
expression, e.g., esophageal and colon cancers. 
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In a prefened embodiment, the siKNA silences the VEGF gene, and thus can be used 
to treat a subject having or at risk for a disorder characterized by unwanted VEGF 
expression, e.g., esophageal and colon cancers. 

In a prefrared embodiment, the siRNA silences the EGFR gene, and thus can be used 
to treat a subject having or at risk for a disorder characterized by unwanted EGFR 
expression, e.g., breast cancer. 

In another preferred embodiment the siKNA silesnces the Cyclin A gene, and thus cera 
be used to treat a subject having or at risk for a disorder characterized by unwanted Cyclin A 
expression, e.g., lung and cervical cancers. 

In another preferred embodiment the siRNA silences the Cyclin E gene, and thus can 
be used to treat a subject having or at risk for a disorder characterized by unwanted Cyclin E 
expression, e.g., limg and breast cancers. 

In another preferred erabodiment the siRNA silences tiie WNT-1 gene, and thus can 
be used to treat a subject having or at risk for a disorder characterized by unwanted WNT-1 
expr^sion, e.g., basal cell carcinoma. 

In anothesT preferred embodiment the siRNA silences the beta-catenin gene, and thus 
can be used to treat a subject having or at risk for a disorder characterized by unwanted beta- 
catenin expression, e.g., adenocarcinonra or hepatocellular carcinoma. 

In another preferred embodiment the siRNA silences the c-MET gene, and thus can 
be used to treat a subject having or at risk for a disorder characterized by unwanted c-MET 
expression, e.g„ hepatocellular carcinoma. 

In another preferred embodiment the siRNA silences the PKC gene, and thus can be 
used to treat a subject having or at risk for a disorder chaxacterized by unwanted PKC 
expression, e.g., breast cancer. 

In a preferred embodiment; the siRNA silences the NFKB gene, and thus can be used 
to treat a subject having or at risk for a disorder characterized by unwanted NFKB 
expression, e.g., breast cancer. 

In a preferred embodiment, the siRNA silences the STATS gene, and thus can be used 
to treat a subject having or at risk for a disorder characterized by unwanted STATS 
expression, e.g., prostate cancer. 
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In anotlier preferred embodiment the siRNA silences the survivin gene> and thus can 
be used to treat a subject having or at risk for a disorder characterized by unwanted survivin 
expression, e.g., cervical or pancreatic cancers. 

In another preferred embodiment the siRNA siloices the Her2/Neu gene„ and Haas can 
s be used to treat a subject having or at risk for a disorder characterized by unwanted Ha:2yNeu 
expression, e.g., breast cancer. 

In another preferred embodiment the siRNA silences the topoisomerase I gene, and 
thus can be used to treat a subject having or at risk for a disorder characterized by unwanted 
topoisomerase I expression, e.g., ovarian and colon cancers. 
10 In a preferred embodiment, the siRNA silences the topoisomerase H alpha gene, and 

thus can be used to treat a subject having or at risk for a disorder characterized by unwanted 
topoisomerase II e^qiression, e.g., breast and colon cancers. 

In a preferred embodiment, the siBNA silences mutations in the p73 gene, and thus 
can be used to treat a subject having or at risk for a disorder characterized by unwanted p73 
IS expression, ag-., colorectal adenocjareinoma. 

In a prefenred embodiment; the siRNA silences mutations in the p21 (WAFI /CIPl) 
gene, and thus can be used to treat a subject having or at risk for a disorder characterized by 
unwanted p21(WAFl/CIPl) expression, &g., liver cancer. 

In a preferred embodiment, the siRNA sileaaces mutations in the p27 (KJPI) gene, and 
20 thus can be used to treat a subject having or at risk for a disorder characterized by unwanted 
p27(iOPl) expression, e.g., liver cancer. 

In a preferred embodiment, the siRNA silences mutations in the PPMID gene, and 
thus can be used to treat a subject having or at risk for a disorder characterized by unwanted 
PPMID expression, e.g., breast cancer. 
25 In a preferred embodiment, the siRNA silences mutations in the RAS gene, and thus 

can be used to treat a subject having or at risk for a disoida characterized by unwanted RAS 
expression, e.g., breast cancer. 

In another preferred embodiment the siRNA silences mutations in the caveolin I gene, 
and thus can be used to treat a subject having or at risk for a disorder characterized by 
30 unwanted caveolin I expression, e.g., esophageal squamous cell caircinoma. 



7 
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Jo. another prefeired embddiment tbe siRNA silences mutations in the MIBI gene and 
thijs can be used to, treat a subject having or at risk for a disorder characteaized by unwaated 
MIBI expression, e,g,, male breast carcinoma (MBC), 

In anofher preferred embodinient the siRNA silaices mutations in the MTAI gene, 
5 and thus can be used to treat a subject having or at risk for a disorder characterized by 
unwanted MTAI expression, e.g., ovarian carcinoma. 

In another preferred embodiment the siRNA silences mutations in the M68 gene, and 
thus can be used to treat a subject having or at risk for a disorder characterised by unwanted 
M68 expression, e.g., human adenocarcinomas of the esophagus, stomaxih, colon, and 
10 rectum. 

In preferred embodiments the stRNA silences mutations in tumor suppressor genes, 
aad thus can be used as a method to promote apoptotic activity in combination with 
cheanotherapeutics. 

In a preferred embodiment, the siRNA silences mutations in the p53 tumor suppressor 
1 5 gene, and thus cao be used to treat a subject having or at risk for a disorder characterized by 
unwanted p53 expression, e.g., gail bladder, pancreatic and lung cancers. 

In a preferred embodunent, the siRNA silences matations in the p53 family member 
delta N"p63, and thus can be used to treat a subject having or at risk for a disorder 
characterized by unwanted delta N-p63 expression, eg., squamous cell carcinoma. 
20 In a preferred embodiment, the siRNA silences mutations in the pRb tumor 

suppressor gene, and thus can be used to treat a subject having or at risk for a disorder 
characterized by unwanted pRb expression, e.g., oral squamous cell carcinoma. 

In a preferred embodiment, the siRNA silences mutations in the APCl tumor 
suppressor gene, and thus can be used to treat a subject having or at risk for a disorder 
25 characterized by unwanted APCl expression, colon cancer. 

In a pref«rred embodiment, the siRNA silences mutations in the BRCAl tumor 
suppressor gene, and thus can be used to treat a subject having or at risk for a disorder 
characterized by unwanted BRCAl expression, e.g., breast cancer. 

In a preferred embodiment, the siRNA silence; mutations in Ihe PTEN tumor 
30 suppressor gene, and thus can be used to treat a subject having or at risk for a disorder 
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characterized by unwanted PTEN' expression; e.g., hamartomas, gliomas, and prostate and 
endometrial cancers. 

In a prefexred erabodiiuent, the siRNA silences MLL fusion genes, MLL2 e.g,, AF9, 
and thus can be used to treat a subject having or at risk for a disorder characterized by 
unwanted MLL fusion gene exprefesion, e.g., acute leukemias. 

In anotiier prefejrred embodiment the sjBNA silences the BCR/ABL fusion gene, and 
thus can be used to treat a subject having or at risk for a disorder characterized by unwanted 
BCR/ABL fusion gene expression, e.g., acute and chronic leukemias. 

In another preferred embodiment the siRNA silences the TEL/AMLl fusion gene, 
and thus can be used to treat a subject having or at risk for a disorder characterized by 
unwanted TEL/AMLl fusion gene- expression, e.g., childhood acute leukemia. 

In another preferred embodunent the siRNA silences the EWS/FLIl fiiaion gene, and 
thus can be used to treat a subject having or at risk for a disorder characterized by unwanted 
EWS/FLIl fusion gene expression, e.g.y Ewing Sarcoma. 

In another preferred embodiment the siRNA silences the TLS/FUSl fusion gene, and 
thus can be used to treat a subject having or at risk for a disorder characterized by unwanted 
TLS/FUSl fusion gene expression, e.g.. Myxoid liposarcoma. 

In anotiia- preferred embodiment the siENA silences the PAX3/FKHR fusion gene, 
and thus can be used to treat a subject having or at risk for a disorder characterized by 
unwanted PAX3/FKHR fusion gene expression, e.g.. Myxoid liposarcoma. 

In another prefeixed embodiment the siKNA silences the AMLl/ETO fusion gene, 
and thus can be used to treat a subject having or at risk for a disorder characterized by 
unwanted AMLl/ETO fusion gene expression, e.g., acute leukenua. 

la another aspect, die mvention features, a method of treating a subject, a human, 
at risk for or afflicted with a disease or disorder that may benefit by angiogeuesis inhibition 
e.g., cancer. The method includes: 

providing an siRNA, e.g., an siRNA having a structure described herein, which 
siRNA is homologous to and can silence, e.g,, by cleavage, a gene, which mediates 
angiogenesis; and 

administering the siRNA to a subject, thereby treating the subject. 
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In a preferred embodiment,- the siRNA silences the alpha v-integrin gecae, and thu^ 
can be used to treat a subject having or at lisk for a disorder chaiacterized by unwanted alpha 
v-integrin, e,g,, bniin tumors or tumors of qoithelial origin. 

In a preferred embodiment, the siRNA silences the Flt-1 receptor gene, and thus can 
be used to treat a subject having or at risk for a disorder characterized by unwanted Flt-1 
receptors, e.g., cancer and rheumatoid arfhritis. 

In a preferred embodiment, the siENA silences the tubulin gene, and thua can be used 
to treat a subject having or at risk for a disorder characterized by unwanted tubulin, e.g.^ 
cancer and retinal neovascularization. 

In a preferred embodiment, the siRNA silences Hue tubulin gene, and thus can be used 
to treat a subject having or at risk for a disorder characterized by unwanted tubulin, 
cancer and retinal neovasculatizatibn. 

In another aspect, the invention features a method of treating a subject infected with a 
virus or at risk for or aflBiicted with a disorder or disease associated with a viral infection. 
The method includes: 

pitjviding-an siRNA, e.g., and siRNA having a structure described herein, which 
SiRNA is homologous to and can silence, e,g., by cleavage, a viial gene or a cellular gene 
which mediates viral function, e.g., entry or growth; and 

administering the siRNA to a subject, preferably a human subject, thereby treating the 
subject. 

Thus, the invention provides for a method of treating patients infected by the Human 
Papilloma Virus (HPV) or at risk for or afflicted with a disorder mediated by HPV, e.g., 
cervical cancer. HPV is linked to 95% of cervical carcinomas and thus an antiviral therapy is 
an attractive method to treat these cancers and other symptonxs of viral infection. 

In a preferred embodiment; the expression of a HPV gene is reduced. In another 
piefeired embodiment, the HPV gene is one of the group of E2, E6, or E7. 

In a preferred embodiment, the expression of a human gene that is required for HPV 
replication is reduced. 

The invention also include a method of treating patients infected by Ihe Human 
Immunodeficiency Virus (HIV) or 'at risk for or afiOicted with a disorder mediated by HIV, 
e.g.. Acquired Immune Deficiency Syndrome (AIDS). 

10 
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In a pisferred embodim.ei]|t> tbe expression of a HIV gene is reduced. In another 
preferred embodiment, the HTV gene is CCR5, Gag, or Rev. 

In a preferred embodiment, the expression of a humjiu gene that is required for HIV 
replication is reduced. In another preferred embodiment, tiie gene is CD4 or TsglOl. 

The invention also includes a raetfciod for treating patients infected by tiie Hepatitis B 
Virus (HBV) or at risk for or afflicted with a disorder mediated by HBV, e.g., cinhosis and 
heptocellular carcinoma. 

In a preferred embodiment, the expression of a HBV gene is reduced. In another 
preferred embodiment, the targeted HBV gene encodes one of the group of the tail region of 
the HBV core protein^ the pre-cregious (pre-c) region, or tlie cregious (c) region. In another 
preferred embodiment, a targeted iHBV-RNA sequence is comprised of the poly(A)tail. 

In a preferred embodmient, the expression of a human gene that is required for HBV 
replication is reduced. 

The invention also provides for ameflwd of treating patients infected by the Hepatitis 
A Virus (HAV), or at risk for or aflElicted with a disorder mediated by HAY. 

Iq a preferred embodiment, the repression of a human gene that is required for HAV 
replication is reduced. 

The present invention provides for a method of treating patients infected by the 
Hepatitis C Virus (HCV), or at risk for or afOicted with a disorder mediated by HCV, e.g„ 
cirrhosis. 

In a preferred embodiment, the expression of a HCV gene is reduced. 

In another preferred embodiment liie ejcpression of a human gene required fca- HCV 
replication is reduced. 

The present invention also provides for a method of treating patients infected by any 
of the group of Hqsatitis viral strams comprising Hepatitis D, E, F. G, orH, or patients at risk 
for or afflicted with a disorder mediated by any of these strains of Hepatitis. 

In a preferred embodiment, the expression of a Hepatitis D, E, F, G, or H gene is 
reduced. 

In another preferred embodiment the expression of a human gene that is required for 
Hepatitis D, E, F, G or H replication is reduced. 



11 
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Methods of the invention also provide for treating patients infected by the Respiratory 
Syncytial Virus (RSV) or at risk ifor or afOicted with a disorder mediated by RSV, e.g.^ lower 
respiratory tract infection in infents and childhood asthma, pneumonia and other 
complications, e.g,, in the elderly. 

In a preferred embodiment, the expression of a RSV gene is reduced, fa anollier 
prefetred embodimmt, the targeted RSV geaie encodes one of the group of genes N, L, or P. 

In a preferred embodiment, the expression of a human gene that is required for RSV 
replication is reduced. 

Methods of tlie invention provide for treating patients infected by the Herpes Simplex 
Vims (HSV) or at risk for or afflicted -with a disorder mediated by HSV, e.g,, genital herpes 
and cold sores as well as life-threatening or sight-impairing diseases mainly in 
inmunocompromised patients. 

Ill a preferred embodiment, the expression of a HSV gene is reduced. In another 
preferred embodiment, the targeted HSV geae encodes DNA polymaase or the helicase- 
primase. 

In a preferred embodiment, the expression of a liuman gene that is required for HSV 
replication is reduced. 

The invention also provides a method for treating patients infected by the herpes 
Cytomegalovirus (CMV) or at risk for or aEQicted -with a disorder mediated by CMV, e,g., 
congenital virus infections and morbidity in immunocompromised patients. 

In a preferred embodiment, the expression of a CMV gene is reduced. 

In a preferred embodiment; the expression of a human gene that is required for CMV 
replication is reduced. 

Methods of the invention also provide for a method of treating patients infected by 
the herpes Epstein Bair Virus (EBV) or at risk for or afflicted with a disorder mediated by 
EBV, e.g-., NK/T-cell lymphoma, non-Hodgkin's lymphoma, and Hodgkin's disease. 

in a preferred embodiment, the esqpression of a EBV gene is reduced. 

In a preferred embodiment, tiie expression of a human gene required for EBV 
replication is reduced. 

Methods of tide invention also provide for treating patients infected by Kaposi 's 
Sareoma-associated Herpes Virus (&SHV), also called human herpesvirus 8, or patients at 
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risk for or afflicted with a disorder mediated by KSHV, Kaposi "s sarcoma, multicenteic 
Castleman 's disease and AE)S-a5Sociated primary effixsion lymphoma. 

In a preferred embodiment, the expression of a KSHV gene is reduced. 
In a preferred embodiment, the expression of a human gene that is required for KSHV 
replication is reduced. 

The invention also includes a method for treating patients infected by the JC Virus 
(JCV) or a disease or disorder associated with this virus, progressive multifocal 
leukoenoephalopathy (PML). 

In a preferred embodiment, the expression of a JCV gene is reduced. 
In preferred embodiment the expression of a human gene that is required for JCV 
replication is reduced. 

Methods of the invention also provide for treating patients infected by the myxovirus 
or at risk for or afflicted with a disorder mediated by myxovirus: e.g., influenza. 
In a preferred embodiment; the expression of a myxovirus gene is reduced. 
In a preferred embodiment, the expression of a human gene that is required for 
myxovirus replication is reduced. 

Methods of the invention also provide for treating patients infected by the rhinovirus 
or at risk for or afflicted with a disorder mediated by rhinovirus, e.g., the common cold, 
ti a preferred embodiment, the expression of a rhinovirus gene is reduced, 
m preferred embodiment tlie expression of a human gene that is required for 
rhinovirus replication is reduced. 

Melhods of the invention also provide for treating patients infected by Hie coronavirus 
or at risk for or afflicted with a disorder mediated by coranavirus, e.g.> the common cold. 
In a preferred embodiment, the expression of a coronaviruB gene is reduced. 
In preferred embodiment the expression of a human gene lhat is required for 
coronavirus replication is reduced. 

Methods of the invention also provide for treating patients infected by the flavivirus 
West Nile or at risk for or afflicted with a disorder mediated by West Nile Virus. 

In a preferred embodiment, tlie expression of a West Nile Virus gene is reduced. 
In another preferred embodiment, the West Nile Virus gene is one of the group 
comprising E, NS3, or NS5. 
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in a preferred embodiment, the expression of a human gene that is required for West 
Nile Vims replication is reduced. 

Methods of the invention also provide for treating patioits infected by the St. Louis 
Encephalitis flavivirus, or at risk for or afflicted with a disease or disorder associated with 
this virus, e.^., viral haemoniiagic fever or neurological disease. 

In a preferred embodiment, the expression of a St Louis Encephalitis gene is reduced. 

In a preferred embodiment, the expression of a human gene that is required for St. 
Louis Encephalitis virus replication is reduced. 

Methods of the invention also provide for treating patients infected by tlie Tick-boine 
encephalitis flavivirus, or at risk for or afflicted with a disorder mediated by Tick-borne 
encephalitis virus, e,g.f viral haemorrhagic fever and neurological disease. 

In a preferred embodiment, the expression of a Tick-bome encephalitis virus gene is 
reduced. 

In a prefened embodiment, the expression of a human gene that is required for Tick- 
bome encephalitis virus replication is reduced. 

Methods of the invention also provide for methods of treating patients infected by the 
Murray Valley encephalitis flavivirus, which commonly results in viral haemorrhagic fever 
and neurological disease. 

In a preferred embodiment, the expression of a Murray Valley encephalitis virus gene 
is reduced. 

In a preferred embodiment, the expression of a humaa gene that is required for 
Murray Valley encephalitis virus replication is reduced. 

The invention also includes methods for treating patients infected by the dengue 
flavivirus, or a disease or disorder associated with this vims, e.g., dengue haemorrhagic 
fever. 

In a preferred embodimeni; the expression of a dengue virus gene is reduced. 

In a preferred embodiment, the expression of a human gene that is required for 
dengue virus rephcation is reduced. 

Methods of the invention also provide for treating patiesnts infected by the Simian 
Virus 40 (SV40) or at risk far or afeoicted with a disorder mediated by S V40, e.g., 
tumorigeaesis. 
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In a preferred embodimeiit, the expression of a S V40 gene is reduced. 

In a preferred embodiment, the expression of a human gene that is required for SV40 
replication is reduced. 

The invention also includes methods for treating patieats infected by the Human T 
Cell Lymphotropic Virus (HTLV), or a disease or disorder associated with this virus, e,g,, 
leukemia and myelopathy, 

hi a preferred embodiment, the expression of a HTLV gene is reduced. In anottier 
preferred embodiment &e HTLV gene is the Tax transcaiptioual activator. 

In a preferred embodiment, the repression of a human gene that is required for HTLV 
replication is reduced. 

Methods of the invention also provide for treating patients infected by the Moloney- 
Murine Leukemia Virus (Mo-MuLV) or at risk for or afflicted with a disorder mediated by 
Mo-MuLV, &g., T-cellleukeima, 

In a preferred embodimeoDLt, the expression of a Mo-MuLV gene is reduced. 

hi a preferred embodiment, the expression of a human gene that is required for Mo- 
MuLV replication is reduced. 

Methods of the invention also provide for treating patients infected by the 
encephalomyocarditis virus (EMGV) or at risk for or afiOicted with a disorder mediated by . 
EMCV, e.g., myocarditis. EMCV'leads to myocarditis in mice and pigs and is capable of 
infecting human myocardial cells. This virus is therefore a concern for patients undergoing 
xenotransplantation. 

In a preferred embodiment, the expression of a EMCV gene is reduced. 

In a preferred embodiment, the expression of a human gene that is required for 
EMCV replication is reduced. 

The invention also mcludes a method for treating patients infected by the measles 
vims (MV) or at risk for or afflicted with a disorder mediated by MV, e,g., measles. 

In a preferred embodiment, the expression of a MV gene is reduced. 

In a prefrared embodhnent, the expression of a human gene that is required for MV 
replication is reduced. 
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The invention also includes a method for treating patients infected by the Vericella. 
zoster virus (VZV) or at risk for or afflicted with a disorder mediated by VZV, e.g., chicken 
pox or shingles (also called zoster). 

In a prefeired embodixaent, the ejtpression of a VZV gene is reduced. 

In a preferred embodiment, the expression of a hwnan gene that is required for VZV 
repUcationi is reduced. 

The invention also includes a method for treating patients infected by an adenovirus 
or at risk for or afflicted witii a disorder mediated by an adenovirus, e.g„ respiratory tract 
infection. 

Li a preferred embodiment, the expression of an adaioviius gene is reduced. 

In a preferred embodiment, the expression of a human gene that is required for 
adenovirus replication is reduced. 

The invention includes a method for treating patients infected by a yellow fever vims 
(YFV) or at risk for or afflicted yath a disorder mediated by a YFV, e.g., respiratory tract 
infection. 

In a preferred embodiment, the expression of a YFV gene is reduced. In another 
preferred embodiment, the preferred gene is one of a group that includes the E, NS2A, or 
NS3 genes. 

In a preferred onbodiment, tlie expression of a human gene that is required for YFV 
replication is reduced. 

Methods of the invention also provide for treating patients infected by the poliovirus 
or at risk for or afflicted with a disorder mediated by poliovirus, e.g., polio. 

In a preferred embodimeait, the expression of a poUovirus gene is reduced. 

In a preferred embodiment, ttie expression of a human gene that is required for 
poliovirus replication is reduced. 

Methods of the invention also provide for treating patients infected by a poxvirus or 
at risk for or afflicted with a disorder mediated by a poxvirus, e.g^ smallpox. 

In a preferred embodiment, ' the expression of a poxvirus gene is reduced. 

In a preferred embodiment, the expression of a human gene that is required for 
poxvirus replication is reduced. 

16 
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In another aspect, the invention features methods of treating a subject infected with a 
pathogenj e,g,, a bacterial, amoebic, parasitic, or fimgal pathogen. The method includes: 

providing an siRNA, e.g., an siRNA having a stractuie described herein, where 
siRNA is homologous to and can sileaice, e.g.^ by cleavage of a pathogeaa gene; and 

administering the siRNA to a subject, preferably a human subject, thereby treating the 
subject. 

The target gene can be orte involved in growth, cell wall synthesis, protdn synthesis, 
transcription, energy metabohsra.Ce.^., the Krebs cycle), or toxin production. Thus, the 
present invention provides for a method of treating patients infected by a Plasmodium that 

causes malaria. 

In a preferred embodiment, the expression of a plasmodiiun gene is reduced. In 
another preferred embodiment^ the gene is apical membrane antigen 1 (AMAl). 

In a preferred embodiment, the expression of a human gene that is required for 
plasmodiimi replication is reduced. 

The invention also inchides metliods for treating patients infected by the 
Mycobacterixmi ulcerans, or a disease or disorder associated with this pathogen, e,g., a Buruli 
xdcer. 

In a preferred embodiment, the expression of a Mycobacterium ulcerans gene is 
reduced. 

In a preferred embodiment, the expression of a human gene that is required for 
Mycobacterium ulcerans replication is reducei 

The invention also includes methods for treating patients infected by Mycobacterium 
tuberculosis, or a disease or disorder associated wiih this pathogai, e■g•^ tuberculosis. 

In a preferred embodiment, the expression of a Mycobacterium tuberculosis gaie is 
reduced. 

In a preferred embodimenii the expression of a human gene that is required for 
Mycobacterium tuberculosis replication is reduced. 

The invention also includes methods for treating patients infected by Mycobacterium 
leprae, or a disease or disorder associated with this pathogen, e.g., leprosy. 

In a preferred embodiment, the expression of a Mycobacterium leprae gene is 
reduced. 

17 
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In a preferred embodiment, the expression of a human gene that is required for 
Mycobacterium leprae replication is reduced. 

The invention also includes methods for treating patients infected by the bacteria 
Staphylococcus aureus, or a disease or disorder associated with this pathogen, e.g„ infections 
of the skin or mucous luembranes. 

In a preferred embodiment, the expression of a Staphylococcus aureus gene is 
reduced. 

In a preferred embodiment, tlie expression of a human gene that is required for 
Staphylococcus aureus replication is reduced. 

The invention also includes methods for treating patients infected by the bacteria 
Streptococcus pneumoniae, or a disease or disorder associated with this pathogen, e.g., 
pneumonia or childhood lower respiratory tract infection. 

hi a preferred anbodiment, the expression of a Streptococcus pneumoniae gene is 
reduced, 

hi a prefenred embodiment, tiie expression of a human gene that is required for 
Streptococcus pneumoniae replication is reduced. 

The invention also includes methods for treating patients infected by the bacteria 
Streptococcus pyogenes, or a disease or disorder associated with ttiis pathogen, e.g-., Strep 
throat or Scarlet fever. 

In a preferred embodiment, the expression of a Streptococcus pyograies gene is 
reduced. 

hi a preferred embodimei^t, the expression of a human gene that is required for 
Streptococcus pyogenes replication is reduced, 

The invention also includfe methods for treating patients infected by the bacteria 
Chlamydia pneumoniae, or a disease or disorder associated with this pathogen, e.f 
pneumonia or childhood lower re^iratory tract infection. 

In a preferred embodiment, the expression of a Chlamydia pneumoniae gene is 
reduced. 

In a preferred embodiment, the expression of a human gene that is required for 
Chlamydia pneumoniae replication is reduced. 

18 
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The invention also includes methods for treating patients infected by the bacteria 
Mycoplasma pneumoniae, or, a disease or disorder associated with this pathogen, ag., 
pneumonia or childhood lower respiratory tract infection- 

In a preferred erabodiroBnt the expression of a Mycoplasma pneumoniae gene is 
reduced. 

La a preferred embodiment; the expression of a hnman gem that is required for 
Mycoplasma pneumoniae rcplicati'on is reduced. 

In one aspect, the invention features, a method of treating a subject, e.g.^ a human, at 
risk for or afflicted with a disease or disorder characterized by an unwanted immune 
response, e.g., an inflammatory disease or disorder, or aa autoimmune disease or disorder. 
The method includes: 

providing an siRNA, an siKNA having a structure described herein, which 
siKNA is homologotis to and can silence, by cleavage, a gene which mediates an 
unwanted immune response; and 

administering the siRNA to a subject, thereby treating the subject. 

In a preferred embodimeait, the disease or disorder is an ischemia or reperfosion 
injury, e.g.> ischemia rcperfijsion or injury associated with acute myocardial infarction, 
unstable angina, cardiopulmonary bypass, surgical intearvention angioplasty, sudi as 
percutaneons trauslxmiinal coronary angioplasty), a response to a transplanted organ or tissue 
(e.g., ttansplanted cardiac or vascular tissue), or thrombolysis. 

In a preferred embodiment, the disease or disorder is resteuosis, e.g., restenosis 
associated with surgical intervmtion (&g-., angioplasty, such as percutaneous transluminal 
coronary angioplasty). 

In a preferred embodiment, the disease or disorder is Inflammatory Bowel Disease, 
e.g., Crohn's Disease or Ulcerative Colitis. 

In a preferred embodiment, the disrase or disorder is inflammation associated with an 
infection or injury. 

In a preferred embodiment, the disease or disorder is asthma, lupus, multiple 
sclerosis, diabetes, e.g., type n diabetes, arflnitis, e.g., rheumatoid or psoriatic. 

hi particularly preferred enibodimeats, the siRNA sileuces an integrin or co-Hgand 
thereof, e.g., VLA4, VCAM, ICAM. 
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In particularly preferred embodiments, the sflRNA silences a selectin or co-ligand 
thereof, e.g., P-selectm, E-selectm:(ELAM), I-seleotin, orP-selectiiiglycoprotein-(PSGLl). 

In particularly preferred embodiments, the siKNA silences a component of the 
complement systan, e.g., C3, C5, C3aR, CSaR, C3 convertase, C5 convertase. 
5 In particularly preferred embodiments, tibie siitNA silences a chemokine or receptor 

thereoi^ e.g., TNFo; TNFjS, IL-la, IL-1 j8, JL -1, IL-2R, lL-4, E.-4R, IL-5, IL-6, BL^S, TKFRI, 
rNFRU, IgE, SCYAll, or CCR3. 

In less preferred embodiments the siRNA silences GCSF, Grol, Gto2, Gro3, PF4, 
MIG, Pro-Platelet Basic Protein (PPBP), MlP-la, MlP-lft RANTES, MCP-1, MCP-2, 
10 MCP-3, CMBKRl, CMBKK2, CMBKR3, CMBKU5, AIF-1, or 1-309. 

In one aspect, the invention features, a method of treating a subject, e.g., a human, at 
risk for or afOioted with acute pain or chronio pain. The meithod includes; 

providing an siElNA, e.g., an siKNfA having a atructure described herein, which 
aRNA is Iwrnologous to and can silence, e.g.y by cleavage, a gate which mediates the 
15 processing of pain; and 

administering the siKNA to a subject, thereby treating the subject. 

In particularly preferred embodiments, the siRNA silences a component of an ion 
channel. 

In particularly preferred embodiments, the siRNA silences a neurotransmitter receptor 
20 or ligand. 

In one aspect, the invention features a method of treating a subject, e.g,, ahxmian, at 
risk for or afflicted with a neurological disease or disorder. The method includes: 

providing an siRNA, e,g., an siElNA having a structure described herem, which 
siRNA is homologous to and can silence, e.g., by cleavage, a gene which mediates a 
25 neurological disease or disorder: and 

administering the siRNA to a subject, thereby treating the subject 
In a preferred embodiment, tiie disease or disorder is Alzheimer^s Disease or 
Parkinson's Disease. 

In particularly preferred embodiments, the siRNA silences an amyloid-family gene, 
30 e.g., APP; a presenilin gene, e.g., PSENl and PSEN2, or of-synuclein. 
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In a preferred, embodiment, the disease or disorder is a neurodegenerative 
trinucleotide repeat disoider, e.g., Huntington 's disease, dentatorubral pallidoluysian atrophy 
or a spinocearebeUar ataxia, e.g., SCAl , SCA2, SCAB (Miachado-Joseph disease), SCA7 or 
SCA8. 

In particularly preferred embodiments, the siKN A silences HD, DRPLA, SCAl , 
SCA2, MIDI, CACNLIA4, SCA7, or SCAB- 

The loss of heterozygosity (LOH) can result in hemizygosity jfor sequence, e.g., 
genes, m the area of LOH. This can result in a significant genetic difference between noimaj 
and disease-state cells, e.g., cancer cells, and provides a nsefiil difference between normal 
and disease-state cells, e.g., cancer cells. This difference can arise because a gene or other 
sequence is heterozygous in euploid cells hut is hemizygoiis in cells having LOH. 

The re^ons of LOH will oiften include a gene, the loss of which promotes unwanted 
proliferation, e.g„ a tumor suppressor gene, and other sequences, such as other genes and, in 
some oases, a gene which is essential for normal function, e.g., growth. 

Methods of the invention rely, in part, on the specific cleavage or silencing of one 
allele of an essential gene with an siRNA of the invention. The slRNA is selected such that it 
targets the single allele of the essential gene found in the cells having LOH but does not 
silence the other allele, which is present in cells which do not show LOH. In essence, it . 
discriminates between the two alleles, preferentially silencing the selected allele. In essence, 
polymoipWsms, e.g., SNPs, of essential genes that are affected by LOH, are used targets for 
a disorder characterized by cells having LOH, e.g., cancer cells having LOH. 

E.g., one of ordinary skill in the art can identify essential genes which are in 
proximity to tumor suppressor genes, and which are within a LOH region which includes tlie 
tumor suppressor gene. The gene encoding the large subunit of human RNA polymerase II, 
P0LR2A, a gene located m close proximity to the tumor suppressor gene p53, is such a gene. 
It frequently occurs within a region of LOH m cancer cdls. Other genes that occur within 
LOH regions, and are lost in many cancer cell types, include the group comprising 
replication protein A 70-kD subunit, replication protem A ribonucleotidB reductase, 
thymidilate synthase, TATA associated factor 2H, ribosomal protein S14, eukaryotic 
initiation factor 5 A, alanyl tRNA synthetase, cysteinyl fRNA synthetase, NaK ATPase, 
alpha- 1 subunit, and transferrin receptor. 
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Accordiixgly, fee invention features a method of treating a disorder characterized by 
e.g„ cancer. The method includes, optionally, detennining the genotype of the allele of 
a gene in the region of LOH aiid,preferably determining the genotype of both alleles of the 
gene in a normal cell; providing ian siRNA which preferentially cleaves or silences tlie allele 
found in the LOH cells; and aihoinistering ttie siRNA to the subject, tihereby treating the 
disorder. 

The invention also Includes an siKNA disclosed herein, e.g., an siRNA which can 
preferentially silence, e.g., cleave, one allele of a polymorphic gene. 

In another aspect, the mvention provides a method of cleaving or silencing more than 
one gene with an siRNA. la these embodiments the siRKA is selected so that it has 
sumcient homology to a sequence found in more than one gene. For example, the sequence 
AAGCTGC5CCCTGGACATGQAGAT is conserved between mouse lamin Bl, lamin B2. 
kemtm coniplex 2-gene 1 and lamin A/C. Thus an siRNA targeted to this sequence would 
effectively silcaace this entire collection of genes. 

The invention also includes an siRNA disclosed herein, e.g., an siRNA which can 
silence more than one gene. 

to another aspect, the invention includes vectors, e.g., expression vectors, which 
encode siRNAs, ag., siRNAs bdmologous with a gene disclosed herem. These include 
vectors which can express one or both strands of one or more siRNAs; a composition which 
includes a first vector which encodes a first strand of an siRNA and a second vector which 
encodes a second strand of aa siRNA; a vector which encodes a hairpin siRNA, e.g., a 
haiipin which upon cleavage pitilvides both strands of an siRNA. The vector can also 
encode, and preferably express, a protein, e.g., a protein active in siRNA metabolism or 
function, e.g.. Dicer or Ago 2. 

La a preferred embodiment, the vector or delivery metho4 e.g., a virus, is selected 
such that the siRNA integrates into a preselected site, e.g„ a site which will result in 
modulated, e.g., inducible or controlled expression, e.g., by a pol HI promoter or by a pol n 
promoter containing temporal, developmental, disease-state, or tissue specific promoter 
elements, hi other embodiments^ the expression of an siRNA strand is driven by a temporal, 
developmental, disease-state, or tissue specific promoter, e.g., a pol H promoter contaming 
temporal, developmental, disease-state or tissue specific elements. 
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Unless otherwise defined, all technical and scientific terms used herein have the same 
meaning as conraionly understood by one of ordinary skill in the art to which this invention 
belongs. Although mdhods and materials similar or equivalent to those described herein can 
be used in the practice or testing of the present invention, useful methods and materials are 
described below. The materials, methods, and examples are illustrative only and not 
intended to be limiting. Other features and advantages of the mvention will be apparent fixim 
the following detailed description and fi*om the claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 
JIG. 1 A is a graphical representation of dsRNAs used for targeting Pp-luo mKNA, 
Three series of blunt-ended dsRNAs covering arange of 29 to 504 bp were prepared. The 
position of the first nucleotide of the sense strand of the dsRNA is indicated relative to the 
start codon of Pp-luc roKNA ^1). 

FIG. IB is a graphical representation of the ratios of target Pp-luc to control Rr-luc 
activity when normalized to a buffer control (buf). DsRNAs (5 uM) were preincubated in 
Drosophila lysate for 15 min at 25''C prior to the addition of 7-melhyl-guanosine-capped Pp- 
luc and Rr-luc mKNTA (-50 pM). The incubation was continued for another hour and ttien 
analyzed by the dual luciferase assay (Piomega). The data are the average from at least four 
independent experiments standard deviation. 

FIG. 2 is a gel from a time course experiment of 21-23raer formation in the 
processing of intemaUy ^^P-labeled dsRNAs (5 nM) in Drosophila lysate. The length and 
source of the dsRNA are indicated. An RNA size marker (M) was loaded in the left lane and 
the fragtneait sizes are indicated. Double bands at tune zero are due to incompletely 
denatured dsRNA . 

FIG. 3A is a denaturing gel of the stable 5' cleavage products produced by 1 h 
incubation of 10 nM sense or aniisense RNA '^Jabeled at the cap with 10 nM dsRNAs of 
the pl33 series in Drosophila lysate. Lengtti markers were generated by partial nuclease Tl 
digestion and partial alkaline hydrolysis (OH) of the cap-labeled target RNA. The regions 
targeted by the dsRNAs are indicated as vertical bars on the left and right sides of the gel. 
The 20-23 nt spacing betweeu the predominant cleavage sites for the 1 11 bp long dsRNA is 
shown. The horizontal arrow indicates unspecific cleavage not due to liNAi. 
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FIG. 3B shows tiie sequences of the c^ped 177 nt sease and ISO nt antisense target 
RNAs, in antiparallel orientation, such that coraplementaiy sequences are opposing each 
other. The regions targeted by the dififerent dsRNAs are indicated by black bars positioned 
between the sense and antisense target sequences. Cleavage sites are indicated by circles: 
large circles for strong cleavage, apd small circles for weak cleavage. The ^^P -radiolabeled 
phosphate group is marked by an asterisk. 

FIG. 4A shows the sequences of -21 nt RNAs after dsRNA processing. The -21 nt 
RNA iragments were directionally cloned and sequenced. Some oligoribonucleotides 
originated firom the sense strand of the dsRNA, while others originated from the antisense 
strand. Thick bars represent sequences present in multiple clones, and the nwnber at the 
right indicates the frequency. The target RNA cleavage sites mediated by the dsRNA are 
indicated as circles (large circles for sfrong cleavage, small circles for weak cleavage (see 
FIG. 3B)- Circles on top of the sense strand indicated cleavage sites within the sease target 
and circles at the bottom of the dsKNA indicate cleavage site in the antisense target Up to 
five additional nucleotides were identified in ~21 nt fragments derived from the 3' ends of the 
dsRNA. These nucleotides are random combinations of predominantly C, G, or A residues, 

EIG 4B is a collage of two-dimensional TLC plates. -21 nt RNAs were generated 
by incubation of internally radiolabeled 504 bp Pp-luc dsiRNA in Drosophila lysate, gel- 
purified, and then digested to mononucleotides with nuclease Pl (top row) oriibonuclease T2 
(bottom row). The dsRNA was internally radiolabeled by transcription in the presence of 
one of the mdicated a:--^^P nucleoside triphosphates. Radioactivity was detected by 
phosphorimaging- Nucleoside 5'-rnonophosphateSj nucleoside 3 '-monophosphates, 
nucleoside 5', 3'-diphosphates, and inorganic phosphates are indicated as pN, Np, pNp, and 
pi, respectively. Hollow circles indicate UV-absorbing spots from non-radioactive carrier 
nucleotides. The 3', 5' bisphosphates were identified by co-migration with radiolabeled 
standards prepared by 5'-phosphoiylation of nucleoside y-monophosphates with T4 
polynucleotide kinase and 7-^^P -ATP. 

FIG. 5A depicts a control 52 bp dsRNA and synthetic 21 and 22 nt dsRNAs. The 
sequences of the siRNAs were derived from the cloned fragments of 52 and 11 1 bp dsRNAs 
(FIG, 4A), except for the 22 nt antisense strand of duplex 5. The siRNAs in duplexes 6 and 7 
were unique to the 11 1 bp dsRNA processing reaction. Both strands of the control 52 bp 
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dsRNA were prepared by in vitro transcription and a fraction of transcripts may contain 
imtemplated 3' nucleotide addition. Hie target RKA cleavage sites directed by the siRNA 
duplexes are indicated by circled (see legend to FIG. 4A) and were determined as described 
inFiaSB. 

FIG. 5B is a gel showing the position of cleavage sites on the sense and antisense 
target RNAs. The target RNAspqneaices are as described in FIG. 3B. A control 52 bp 
dsRNA (10 nM), or 21 and 22 nt RNA duplexes 1-7 (100 nM) (see FIG- 5A) were incubated 
with target RNA for 2.5 h at 25''C in Drosophila lysate. The stable 5' cleavage products were 
resolved on the gel. The cleavage sites are indicated in FIG. 5A. The region targeted by the 
52 bp dsRNA or the sense (s) or, antisense (as) strands are indicated by the vertical bars on 
the right and left side of the gel. The cleavage sites are all located within the region of 
identity of the dsKNAs. 

FIG. 6A is a representation of 52 bp dsRNA constructs. The overhang regions are 3' 
extensions of the sense and antisense strands. The observed cleavage sites on the target 
RNAs are repiesented as circles'as in FIG. 4A and were determined as shown in FIG. 6B. 

FIG. 6B is a gel showing the position of the cleavage sites on the sense and antisense 
target RNAs. The target RNA sequences are as described in FIG. 3B. DsRNA (10 nM) was 
incubated with target RNA for 2.5 h at 25*0 in Drosophila lysate. The stable 5' cleavage 
products were resolved on the gel. The major cleavage sites are indicated with a horizontal 
arrow and are also represented in FIG. 6 A. The region targeted by the 52 bp dsRNA is 
represented as a vertical bar on either side of the gel. 

FIG. 7 is a model for RNAi. According to this model, RNAi begins with processing 
of dsRNA to predominantly 21 and 22 nt short mterfering RNAs (siElNAs). Short 
overhanging 3' nucleotides associate with the dsRNA and facilitate processing of the short 
dsKNAs. The dsRNA-processing proteins, which remain to be characterized, are represented 
as ovals, and are shown asseflibled on the dsRNA in asymmetric fashion. For example, one 
protein or protem domain may always associate with the siENA strand in the 3' to 5' 
direction, or on the antisense strand while another protdn may always associate with the 
opposing, or sense, siRNA stra^d, These proteins or a stibset of the proteins may remain 
associated with the siRNA duplex and preserv^e its orientation as deteimmed by the direction 
of the dsRNA processing reaction. Only the slRNA sequence associated witti the one 
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particular proteiii maybe able to gaide target RNA cleavage. The eixdonuclease coiaplex is 
referred to as small interfering ribqnucleoprotcm complex, or siRNP. It is presumed here 
that Ihe ^donucleasB that cleaves the dsRNA raay also cleave the target RNA, probably by 
temporarily displacing the passive siRNA strand, which is not used for target recognition. 
The target ENA can then be cleaved in the carta: of the region recognized by the sequence- 
complementary guide siRNA. 

FIG. 8 A is a representation of the firefly (Pp-luc) and sea pansy (Rx-Iuc) luciferase 
reporter gene regions from plasmids pGL2-Confcrol, pGL3-Control and pRL-TK (Promega). 
SV40 regulatory elements, the HSV thymidine kinase promoter and the two introns (lines) 
are indicated. The sequence of GL3 luciferase is 95% idaitical to GL2, but RL is completely 
unrelated to both. Luciferase expression from pGL2 is approx. 10-fold lower than from 
pGL3 in transfected mammalian cells. The region targeted by the siRNA duplexes is 
indicated as a black bar below the coding region of the luciferase genes. 

FIG. SB illustrates the sequences of the sense (top) and antisense (bottom) strands of 
flie SiRNA duplexes targeting GL2, GL3 and RL luciferase RNAs. The GL2 and GL3 
siRNA duplexes differ by only 3 single nucleotide substitutions (boxed). As an unspecific 
control, a duplex with the uiverted'GL2 sequence, invGL2, was synthesized. The 2 nt 3' 
overhang of 2'-deoxythymidine is indicated as TT; uGL2 is similar to GL2 siRNA but 
contains ribo-uridine 3' overhangs. 

FIG. 9 is a collage of graphs indicating ratios of target control luciferase normalized 
to a buffer control (bu); gray bars iiadicate ratios otPhotinits pyralis (Pp-luc) GL2 or GL3 
luciferase to Kenilla renlfomds (Rr-luc) RL luciferase (left axis), white bars indicate RL to 
GL2 or GL3 ratios (right axis). Panels a, c, e, g, and i describe experiments performed with 
the combination of pGL2-Control land pRL-TK reporter plasmids, and panels b, d, f, h and j 
describe experiments performed with pGL3-Control and pRL-TK r^orter plasmids. The cell 
line used for the interference experiment is indicated at the top of each plot. The ratios of 
Pp-luc/Rr-luc for the buffer control (bu) varied between 0.5 and 10 for pGL2/pRL and 
between 0.03 and 1 for pGL3/pRL, respectively, before normalization and between the 
various cell lines tested. The plotted data were averaged from three independent experiments 
S.D. . 
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BTG. 10 is a coUage of graphs illustrating the lengths of long dsRNAs (x axis). 
Panels a, c and e describe experiinents perfbiraed with pGL2-Control and pRL-TK reporter 
plasmids, panels h, d and f with pGL3-Control and pRL-TK reporter plasmids. The data 
were averaged from two independent experiments S.D. (a), (b) Absolute Pp-luc expression, 
plotted in arbitrary luminescence units, (c), (d) Rr-luc expression, plotted in arbitrary 
limiinescence units, (e), (f) Ratios of nornialized target to control luciferase. The ratios of 
luciferase activity for siRNA duplexes were noixaalized to a buffer control (bu). The 
luminescence ratios for 50 or 500 bp dsRNAs were noimalized to the respective ratios 
observed for 50 and 500 bp dsRNA from humanized GFP (hG). The overall differences in 
sequences between the 49 and 484 bp dsRNAs targeting GL2 and GL3 were not sufficient to 
confer specificity between GL2 and GL3 targets (43 nt umntemipted identity in 49 bp 
segment, 239 nt longest unintBrrupted identity in 484 bp segment). 

FIG. IIA is an outline of the experimental strategy. The capped and polyadenylated 
sense target mRKA is depicted and the relative positions of sense and antisense siRNAs are 
shown. Eight series of duplexes, according to the eight different antisense strands were 
prepared. The siRNA sequences and the number of overhanging nucleotides were changed 
in 1-nt steps. 

FIG. IIB is a graph illustrating the nonnalized relative luminescence of target 
luciferase (Photinus pyralis, Pp-luc) to control lucif^se {Renilla reniformis, Rr-luc) in D, 
melanogastei- embryo lysate in the presence of 5 nM blunt-ended dsRNAs. The 
luminescence ratios determined in die presence of dsRNA were normalized to the ratio 
obtained for a buffer control (bu). Nonnalized ratios less than 1 indicate specific 



FIG. lie (c-j) is a collage of graphs illustrating the nonnalized interference ratios for 
eight series of 21-nt siRNA duplexes. The sequences of siENA duplexes are depicted above 
the bar graphs. Each panel ti le interference ratio for a set of duplexes formed with a 
given antisense guide siRNA and 5 iifferent sense siRNAs. The number of overiianging 
nucleotides (3' overhang, positive n imbers; 5 'overhangs, negative numbers) is indicated on 
the X-axis. Data points were averag sd from at least 3 independent experiments, error bars 
represent standard deviations. 
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FIG, 12 is a diagram iUustratii ig an experiment^ and tbree graphs illustrating the 
results. Three 21-nt antisense strands ' vere paired with eight sense siRNAs. The siRNAs 
were changed in lenglih at their 3' end. The 3' overhang of the antisense siRNA was 1-nt (B), 
2-nt (C), or 3-nt (D) while the sense si ElNA overhang was varied for each series. The 
sequences of the siKNA duplexes and the coTxesponding interference ratios are indicated. 

FIG. 13 is a diagraro illustratnig an experiment, and three graphs illustrating the 
results. The 21-nt siRNA duplex is id ;ntical in sequence to the one shown in FIG- 1 IH or 
12C. The siRNA duplexes were exter ded to the 3' side of the sense siRNA (B) or the 5' side 
of the sense siRNA (C). The siRNA d iplex sequences and ihs respective interferaice ratios 
are indicated. 

FIG. 14 is a graph of luminescence ratios. The 2'-hydioxyl groups (OH) in the 
strands of siRNA duplexes were repk ;ed by 2' deoxy (d) or 2 -0-methyl (Me). 2-nt arad 4-nt 
2'-deoxysubstitutions at the 3'-ends are indicated as 2-nt d and 4-nt d, respectively. Uridine 
residues were replaced by 2'-deoxy th moidine. 

EIG. ISA is a diagram of ^^P ( asterisk) cap-labeled seme and antiscaise target RNAs 
and siEUSTA duplexes. The positions of sense and antis^e target RNA cleavage is indicated 
by triangles over and below the siRNA duplexes, respectively. 

FIG. 15B is a pair of gels indicating target RNA cleavage sites. After 2 h incubation 
of 1 0 ijM target with 100 liM siRNA duplex in D- melanogaster embryo lysate, the 5' cap- 
labeled substrate and the 5' cleavage products were resolved on sequencing gels. Length 
markers were generated by partial RNase Tl digestion (Tl) and partial alkaline hydrolysis 
(0H-) of tlie target KNAs- The bold lines to the left of the images indicate Ihe region 
covered by the siRNA strands 1 and 5 of the same orientation as the target 

flG. 16 is a diagrairanatic representation of the exp^ment (A, B) and a collage of 
gels showing ths results (C,D). The antisense siRNA was the same length in all siRNA 
duplfflces, btit the sense strand was varied betweaa 1 8 to 25 nt by chamging tbe 3' end (A) or 
18 to 23 nt by changuig the 5' end (B). The position of sense and antisense target RNA 
cleavage is indicated by triangles over and below the siRNA duplexes, respectively. 
Analysis of target RNA cleavage was performed by using cap-labeled sense (C> D: top panel) 
or antisense (C, D: bottom panel) target RNAs. Only the cap-labeled 5' cleavage products 
are shown. The sequences of the siRNA duplexes are indicated, and the length of the sense 
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siRNA strands is marked on over flie gels. The control lane, marked with a dash in panel 
(C), shows target RNA incubated m the absence of siRNAs. Markers were as described in 
FIG. 15. The anxjws in (D), bottom panel, inttioate the target SNA cleavage sites that 
differed by 1 nt 

FIG. J 7 is a graph illustrating luminescence ratios when the 2-nt 3 'overhang (NN) 
was changed in sequence and composition as indicated (T, 2'-deoxythyniidine, dG, 
2'deoxyguanosine; asterisk, wild-type siRNA duplex). Normalized interference ratios were 
detemiined as described in FIG, 11. The wild-type sequence is the same as depicted In 
FIG. 14. 

FIG, 18 is a graph illustrating Imnioescence ratios resulting from experiments with 
raisroatohed siKNA duplexes. The sequesoces of the mismatched siEtNA duplexes are shown 
above the graph; modified sequrace segments or single nucleotides are shaded. The 
reference duplex (ref) and the siElNA duplexes 1 to 7 contain 2'-deoxyltoymidiTie 2-nt 
overhangs. The silencing efficiency of the thynudiae-iaodij5ed reference duplex was 
comparable to the wild-type sequence (FIG. 17). Normalized interference ratios were 
determined as described in FIG. 11. 

FIG, 19 is a collage of graphs illustrating luminescaice ratios when siEiNA duplexes 
were extended to the 3' side of the;sense siRNA (A) or the 5' side of the sense siRNA (B). 
The siRNA duplex sequences and jthe respective iaterference ratios are indicated. For HeLa 
SS6 cells, siRNA duplexes (0.84 /ig) targeting GL2 luciferase were transfected together with 
pGL2'Control and pRJL-TKplasmSds. For comparison, the in vitro ENAi activities of siENA 
duplexes tested in D. melcmogaster lysate are indicated. 

DETAILED DESCRIPTION 

The invention relates to sequence and structural features of double stranded (ds)RNA 
molecules required to mediate target-specific nucleic acid modifications such as BNA- 
interference and/or DNA metibiyla^on. Novel dsRNA agents and methods capable of 
mediating target-specific RNA interferaice (RNAi) or other target-specific nucleic acid 
modifications, such as DNA methylation, are pro-vdded, and these agents and methods have 
improved efficacy and safety compared to prior art agents and methods. 
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The invention provides an isolated double straaded KNA molecule, whierein each. 
RNA strand has a length from 1^25, particularly from 19-23 nucleotides, wherein said RNA 
molecule is capable of mediating target-specific nucleic acid modifications, particularly KNA 
interference and/or DNA mefhylation. Preferably at least one strand has a 3'-overhang from 
5 l-S nucleotides, more preferably; from 1-3 nudeotides and most preferably 2 nucleotides. The 
other strand may be blunt-ended or has up to 6 nucleotides 3' overhang. Also, if botb strands 
of the dsRlMA are exactly 21 or 22 nt, it is possible to observe some RNA interference when 
both ends are blunt (0 nt overhang). The RNA molecule is preferably a synthetic RNA 
molecule that is substantiaUy free from contaminants occuiring in cell extracts, e.g., from 

10 Drosophila embryos. Further, the RNA molecule is can be substantially free from any non- 
target-specific contaminants, particulaily non-targ^-specific KNA molecules, e.g,, from 
contaminants occurring in ceil extracts. 

The mvention also relatess to the use of isolated double stranded RNA molecules, 
wherein each RNA strand has a length from 1 9-25 nucleotides, for mediatmg target specific 

15 nucleic acid modifications, partibularly RNAi, in mammalian cells, particularly in human 
cells. 

It was found that synthetic short double stranded RNA molecules particularly with 
overhanging 3' ends are sequence-specific mediators of RNAi and mediate efficient target- 
RJSTA cleavage,, wherein the cleavage site is located near the center of the region spanned by 

20 the guiding short RNA. 

Each sti-and of the RNA molecule preferably has a length from 20-22 nucleotides (or 
20-25 nucleotides in mammalisa.1 cells), wherein the length of each strand may be the same or 
different. The length of the 3'-ovraihang preferably reaches from 1-3 nucleotides, wherein the 
length of the overhang may be the same or different for each strand. The RNA-strands 

25 preferably have 3'-hydroxyl groups. The 5'-termhms preferably comprises a phosphate, 

diphosphate, triphosphate or hydroxyl group. The most effective dsRNAs are composed of 
two 21 nt strands which are paired such that 1-3, particularly 2 nt 3' overhangs are present on 
both ends of the dsRNA. 

The target RNA cleavage reaction guided by siRNAs is highly sequence-specific. 

30 However, not all positions of an siRNA contribute equally to target recognition. Mismatches 
ui the center of the siRNA duplex are most critical and essentially abolish target RNA 
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cleavage. la contrast, the 3' nucleotide of the siRNA strand (e.g., position 21) that is 
compleraejitacy to the single-stranded target RNA, does not contribute to specificity of the 
target recognition. Further, the sequence of the unpaired 2-nt 3 ' overhang of siRNA the 
strand with the same polarity as the target KNA is not critical for target RNA cleavage as 
only the aatisense siRNA strand guides target recognition. Thus, jarom the single-stranded 
overhanging nucleotides only the penultimate position of the antisense siRNA (e.g., position 
20) needs to match the targeted sense mRNA. 

The double stranded RNA molecules of the present invention exhibit a high in vivo 
stability in serum or in growth medium for cell cultures. In order to further enhance tlie 
stability, the 3'-overhangs may be stabilized against degradation, e-g., they may be selected 
such that they consist of purine nucleotides, particularly adenosine or guanosine nucleotides. 
Alternatively, substitution of pyrimidine nucleotides by modified analogues, e,g., substitution 
of uridine 2 nt 3' overhangs by 2 -deoxythymidine ia tolerated and does not affect the 
ejffioiency of RNA interference. The absence of a 2' hydroxyl significantly enhances the 
nuclease resistance of the overhang in tissue culture medium. 

The RNA molecule of the invention preferably contains at least one modified 
nucleotide analogue. The nucleotide analogues may be located at positions where flie target- 
specific activity, e.g., fhe RNAi mediating activity is not substantially effected, e.g., in a 
region at the 5'-end and/or the 3'-end of the double stranded RNA molecule. Particularly, 
the overhangs may be stabilized by incorporating modified nucleotide analogues. 

Preferred nucleotide analogues are selected from sugar- or backbone-modified 
ribonucleotides- It should be noted, however, that also nucleobase-modified ribonucleotides, 
Le., ribonucleotides, containing a non-naturally occurring nuoleobase instead of a naturally 
occurring nuoleobase, such as uridines or cytidines modified at the 5-position, s.g.^ 5-(2- 
amino)propyl uridine, 5-bromo uridine; adaiosines and guanosines modified at the 8- 
position, e.g., 8-bromo guanosine; deaza nucleotides, eg-., 7-deazaadenosine; 0-and N- 
alkylated nucleotides, e.g,, N6-methyl adenosine are suitable. In preferred sugar-modified 
ribonucleotides, the 2' OH-group can be replaced by a group selected firom H, OR, R halo, 
SH, SR, NH2, NHR, NR2 or CSi, wherein R is C1-C6 alkyl, alkenyl or alkynyl and halo is F, 
CI, Br or! 
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In preferred backbone-modified ribonucleotides, the phosphoester group coDnecting 
to adjacent ribomioleotides is replaced by a modified group, e.g,, a phosphothioate group. It 
should be noted that the above niodifications may be combined. 

The sequence of the double stranded RNA molecule of the prescsnt invesntion has to 
have a sufficient identity to a nucleic acid target molecule in order to mediate target-speciJBic 
RNAi and/or DNA raethylatioa Preferably, the sequence has an identity of at least 50%, 
particularly of at least 70% to llie desired target molecule in the double stranded portion of 
the RNA molecule. More prefeiiably, the identity is at least S5% and most preferably 100% 
in the double stranded portion of the RNA molecule. The identity of a double stranded RNA 
molecule to a predeteimined nucleic acid target molecule, e.g., an mRNA target molecule, 
maybe determined as follows: 

I=(n/L) X 100 

wherein I is the identity in percetat, n is the mirnber of identical nucleotides in the double 
stranded portion of the ds RNA and the target, and L is the length of the sequence overlap of 
the double stranded portion of the dsRNA and the target. 

Alternatively, the identity of the double stranded RNA molecule to the target 
sequence may be defined including the 3' overhang, particularly an overhang havmg a length 
from 1-3 nucleotides. In this case the sequence identity is preferably at least 50%, more 
preferably at least 70% and most preferably at least 85% to the target sequence. For 
example, the nucleotides firom the 3' overhang and up to 2 nucleotides from the 5' and/or 3' 
terminus of tlie double strand may be modified without significant loss of activity. 

The double stranded RNA molecule of the invention may be prepared by a metiiod 
that includes the following steps: 

(a) synthesizing two RNX strands each having a length from 19-25, e.g., from 19-23 
nucleotides, wherein said RNA strands are capable of forming a double stranded RNA 
molecule, whwein preferably at least one strand has a 3'-overhang from 1-5 nucleotides; and 

(b) combining the synthesized RNA strands under conditions, where a double 
stranded RNA molecule is formed, which is capable of mediating target-specific nucleic acid 
modifications, particularly RNA interference and/or DNA niethylation. 
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Methods of synthesizing RNA molecules are known in the art In this context, it is 
particularly referred to chemical synthesis niefhods as described in Venna and Eckstein 
(1998). 

The single-stranded KNAs can also be prepared by enzymatic transcription fit>m 
synthetic DNA templates or firom DNA plasmids isolated from recombinant bacteria. 
Typically, phage RNA polymerases are used such as T7, T3 or SP6 RNA polymerase 
(MlliganandUHenbeck, 1989). > 

Another aspect of the present invention relates to a method of mediating target- 
specific nucleic acid modifications, particularly RNA interference and/or DNA methyiation 
in a cell or an organism. The method in can. include the following steps: 

(a) contacting the cell or organism with the double stranded RNA molecule of the 
invention under conditions wherein target-specific nucleic acid modifications can occur, and 

(b) mediating a target-specific nucleic acid modifica±ion effected by the double 
stranded RNA towards a target niicleic acid having a sequence portion substantially 
cotresponding to the double straaded RNA. 

The contacting step preferably includes (a) introducing the double stranded RNA 
molecule into a target cell, e.g., an isolated target cell, e.g., in cell culture, a unicellular 
microorganism or a target cell or .a plurality of target cells within a multicellular organism. 
More preferably, the introducing step comprises a carrier-mediated delivery, e,g,, by 
liposomal carriers or by injection. 

The method of the invention may be used for determining the function of a gene in a 
cell or an organism (or for modukting the function of a gene in a cell or an organism) 
capable of mediating RNA interference. The cell can be a eukaryotic cell or a cell line, e.g., 
a plant cell or an animal cell, such as a mammalian cell, e.g., an embryonic cell, a pluripotent 
stem cell, a tumor cell, e.g,, a teratocarcinoma cell or a virus-infected cell. The organism is 
preferably a eukaryotic organism; e.g., a plant or an animal, such as a mammal, particularly a 
human. 

The target gene to which the RNA molecule of the invention is directed can be 
associated with a pathological condition. For example, the gene maybe a pathogen- 
associated gene, e.g., a viral gene, a tumor-associated gene or an autoimmune disease- 
associated gene. The target gene may also be a heterologous gene expressed in a 
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recambinant cell or a genetically altered organism. By modulating, paiticularly, inhibiting 
the fimction of such a gene, valuable information and therapeutic benefits in the agricultural 
field, or in the njedicine or veteri;nary medicine field, may be obtained. 

The dsRNA is usually administered as a pharmaceutical composition. The 
administration may be caiiied out by known methods, wherein a nijcleic acid is introduced 
into a desired target cell in vitro or in vivo. Commonly used gene transfer techniques include 
calcium phosphate, DEAE-dejdran, elecbroporation, nucroinjectiaa and viral methods 
(Graham, F. L. and van derEb, A- J. (1973) Virol. 52, 456; McCutchau, J. H. andPagano, J. 
S- (1968), J. Natl. Cancer Inst. 41, 351; Chu, G. et al (1987), Nucl. Acids Res. 15, 1311; 
Fraley, R. et al. (1980), J. Biol. Chem. 255, 10431; Capecchi, M.R. (19S0), Cell 22, 479). A 
recent addition to this arsenal of techniques for the introduction of DNA into cells is the use 
of cationic Hposomes (Feigner, P. L. et al. (1987), Proc Natl. Acad. Sci USA 84, 7413). 
Cotmnercially available cationic lipid formulations are, e.g„ Tfe 50 (Promega)or 
Upofectamin2000 (Life Technolbgies). Thus, the invention also relates to a pharmaceutical 
composition containing as an active agent at least one double stranded RNA moleoule as 
described above and a pharmaceatical carrier. The composition may be used for diagnostic 
and for therapeutic applications in human medicine or in vd:erinary medicine. 

For diagnostic or tihetapetitic applications, the composition may be in the form of a 
solution, e.g., an injectable solution, a cream, ointment, tablet, suspension or the like. The 
composition may be administered in any suitable way, e.g.> by injection, by oral, topical, 
nasal, rectal application, etc^ The carrier may be any suitable phannaceutical carrier. 

Preferably, a carrier is used, which is capable of increasing the efficacy of the RNA 
molecules to enter the target-cells. Suitable examples of such carriers are liposomes, 
particularly cationic liposomes. A further preferred administration method is injection. 

The RNAi method described herein can also be used for the fimctional analysis of 
eukaryotic cells, or eufcaiyDtic non-human organisms, preferably mammalian cells or 
organisms and most preferably human cells, e,g„ cell lines such as HeLa or 293 or rodents, 
e.g., rats and mice. By tcansfection wifli suitable double stranded RNA molecules which are 
homologous to a predeteimined target gene or DNA molecules encoding a suitable double 
stranded RNA molecule a specifiis knockout phenotype can be obtained in a target cell, e.g., 
in ceU cuHhtb or in a target orgajoasm. Smprisingly it was found that the presence of short 
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double stranded RNA molecules do not result in an interferon response from the host cell or 
host organism. 

Thus, a further subject mater of the invention is a eukaiyotic cell or a eukaiyotic non- 
human organism exhibiting a target gene-specijBc knockout phenotype comprising an at least 
partially defici^t expression of at least one endogeneous target gene wherein said cell or 
organism is transfected with at least one double stranded RNA molecule capable of inhibiting 
the expression of at least one endogenous target gene or with a DNA encoding at least one 
double stranded RNA molecule capable of inhibiting the expression of at least one 
endogeneous target gene. It should be noted that the present invention allows a target- 
specific knockout of several different endogeneous genes due to the specificity of RNAi. 

Gene-specific knockout phenotypes of cells or non-human organisms, particularly of 
human cells or non-human mammals maybe used in analytic procedures, e.g., in the 
functional and/or phenotTpical analysis of complex physiologicaJ processes such as analysis 
of gene expression profiles and/or protcomes. For example, one may prepare the knock-out 
phenotypes of human genes in cultured cells which are assumed to be regulators of 
altmiative splicing processes. Adiong diese genes are particularly the members of the SR 
splicBig factor femily, e.g., ASB/SE2, SC35, SRp20, SRp40 or SRp55. Furflier, the effect of 
SR proteins on the niRNA profiles of predetermined alternatively spliced genes such as 
CD44 may be analyzed. Preferat^y the analysis is carried out by Mgh-throughput methods 
using oligonucleotide based chips. 

Using KNAi-based knockout technologies, the expression of an endogeneous target 
gene may be inhibited in a target cell or a target organism. The endogeneous gene maybe 
complemented by an exogeneous 'target nucleic acid coding for the target protein or a variant 
or mutated form of the target profisin, &g., a gene or cDNA, a which may optionally be fused 
to a fltrther nucleic acid sequence' encoding a detectable peptide or polypeptide, e.g., an 
afSnity tag, particularly a multiple afGnity tag. Variants or mutated fomis of the target gene 
differ from the endogeneous target gene in that they encode a gene product ^^ch differs 
from the endogeneous gene product on the amino acid level by substitutions, insertions 
and/or deletions of single or multiple amino acids. The variants or mutated forms may have 
the same biological activity as the endogeneous target gene. On the other hand, the variant or 
mutated target gene may also have a biological activity, whidh differs fiom the biological 
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activity of the endogeneous target gene, e.g-, a partially deleted activity, a completely deleted 
activity, an enhanced activity, etc. 

The complementation may be accomplished by coexpresang the polyp^tide encoded 
by the exogeneous nucleic add, e.g,, a fijsion protein comprising the target protein and the 
affinity tag and the double stranded RNA molecule for knocldag out die endogeneous gene in 
the target cell. This coeospression maybe accomplished by using a suitable expression vector 
expressing both the polypeptide encoded by the exogeneous nucleic acid, e.g., the tag- 
modified target protein and the double stranded RNA molecule or alternatively by using a 
combination of expression vectors. Proteins and protein complexes which are synthesized de 
novo in the target cell will contain the exogeneous gene product, e.g., the modified fusion 
protein. In order to avoid suppression of the exogeneous gene product expression by the 
JRNAi duplex molecule, the nucleotide sequence encoding the exogeneous nucleic acid may 
be altered, on the DNA level (with or without causing mutations on the amino acid level) in 
the part of the sequence which is homologous to the double stranded RNA molecule. 
Alternatively, the «idogeneous target gene may be complemcsnted by corresponding 
nucleotide sequences from other species, eg., ftom mouse. 

Prefetred applications for the cell or organism of the invention is the analysis of gene 
expression profiles and/or proteomes. In an especially preferred embodiment, an analysis of 
a variant or mutant form of one br several target proteins is carried out, wherein said variant 
or mutant forms are reintroduced into the cell or organism by an exogeneous target nucleic 
acid as described above. The combination of knockout of an endogeneous gene and rescue 
by using mutated, e.g., partially deleted exogeneous target has advantages compared to the 
use of a knockout cell. Further, this method is particularly suitable for ideuti^dng functional 
domains of the target protein. la a further preferred embodiment a comparison, of gesne 
expression profiles and/or proteomes and/or phenotypic characteristics of at least two cells or 
organisms is carried out. These orgamsms are selected from: 

(i) a conbxjl cell or contrjsl organism without target gene inhibition, 

(ii) a cell or organism with target gene inhibition, and 

(iii) a cell or organism with target gene inhibition plus target gene complementation 
by an exogeneous target nucleic acid, 
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The method and cells of the invention are also suitable in a procedure for identifying 
and/or characterizing phaimacological agents, e.g-., identi:fying newpharmacologicaJ agents 
from a collection of test substances and/or oharactetizing mechanisms of action and/or side 
effects of known phannacological -.agents. 

Thus, the present invention also relates to a system for identifying and/or 
characterizing pharmacological agents acting on at least one target protein comprising: 

(a) a eukaiyotic cell or a eukaryotic non-human organism capable of expressing at 
least one endogeneous target gene poding for said target protein, 

(b) at least one double stranded RNA molecule capable of inhibiting the expression of 
said at least one endogeneoizs target gene, and 

(c) a test substance or a collection of test substances wherein pharraacologioal 
properties of said test substance or said coliection are to be identified and/or characterized. 

Further, tiie syston as desdtibed above prefwably comprises: 

(d) at least one exogeneous target nucleic add coding for the target protein or a 
variant or mutated form of the target protein wherein said exogeneous target nucleic acid 
differs from the endogeneous target gene on the nucleic acid level such tiiat the expression of 
the exogeneous target nucleic acid is substantially less inhibited by the double stranded RNA 
molecule than the expression of the endogeneous target gene. 

Furthermore, the RNA knockout complementation method may be used for 
preparative purposes, e.g.^ for the affinity purification of proteins or protein complexes from 
eukaryotic cells, particularly maminalian cells and more particularly human cells. Iq this 
embodiment of the invention, the Exogeneous target nucleic acid preferably codes for a target 
protein which is fused to an affinity tag. 

The preparative method may be employed for the purification of high molecular 
wei^t protein complexes which preferably have amass of 150 kD and more preferably of 
500 kD and which optionally may contain nucleic acids such as KNA. Specific examples are 
the heterotrimeric protein complex consisting of the 20 kD, 60 kD and 90 kD proteins of the 
U4/Xr6 snBHP particle, the splicing factor SF3b from the 17S (J2 snRNP consisting of 5 
proteins having molecular weights ofl4, 49,120,145 and 155 KD and the 25S U4/U6/U5 tri- 
snRNP particle containing the U4, U5 and 116 soRNA molecules and about 30 proteins, 
which has a molecular weight of about 1 .7 MD. 
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This melihod is suitable for fimctional proteorae analysis in mammaliaa cells, 
particularly hmnan cells. 

The invention is further iUustrated by the following examples, which should not be 
construed as further limiting. The contents of all references, peading patent applications and 
published patents, cited throughout this application are hereby expressly incorporated by 
reference. 

EXAMPLES 

Example 1. RNA Interference Mediated by Smafl Synthetic RNAs 
1.1. Experimental Procedures 

1.1.1. In vitro RNAi 

In vitro RNAi and lysate preparations were perfoimed as described previously 
(Tuschl et al, 1999; Zamore et ah, 2000). It is critical to use freshly dissolved creatine 
kinase (Roche) for optimal ATP regeneration. The RNAi translation assays (Fig. 1) were 
parfonned with dsRNA concentrations of 5 dM and an exteaidedpre-iticubation period of 15 
min at 25°Q prior to the addition of w vitro transcribed, capped and polyadenylated Pp-luc 
and Rr-luc xqporter roRNAs. Theiincubation was continued for 1 h and the relative amount 
of Pp-luc and Rr-luc protein was analyzed using the dual luciferase assay (Promega) and a 
Monolight 30 IOC luminometer (PharMingen). 

1.1.2. RNA Synthesis. 

Standard procedures were used for in vitro transcription of RNA itom PGR templates 
carrying T7 or SP6 promoter sequences, see for example (Tuschl et al, 1998). Synthetic 
RNA was prepared using Expedite RNA phosphoramidites (Proligo). The 3' adapter 
oligonucleotide was synfitiesized using dimethoxytri1yl-l,4-.benzenedime1hanol-succinyl 
aminopropyl-CPG. The oligoiibonucleotides were deprotected in 3 ml of 32% 
ammooia/ethanol (3/1) for4 h 55°C at (Expedite RNA) or 16 h at 55'C (3' and 5' adapter 
DNA/RNA chinjeric oligonucleotiiies) and then desialylated and gel-purified as described 
previoiKly (Tuschl et al., 1993). RiSfA transcripts for dsRNA preparation including long 3' 
overhangs were generated flxim PCR templates that contained a T7 promoter in sense and an 
SP6 promoter in antisense direction. The transcription template for sense and antisense target 
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RNA was PCR-amplified with ., 

GC GTAATACGACTCACTATA GAACAATTGCTTTTACAG (underlined, T7 promote?r)as 
5' primer and ATTTAGGTGACACTATAG GCATAAAGA ATTGA AGA (underlined, SP6 
promoter) as 3' primer and the linearized Pp-luc plasroid (PGEM-luc sequeiace) (Tuschl et 
al, 1999) as template; the T7-traixscribed sense RNA was 177 nt long with the Pp-luc 
sequence between pos. 1 13-273 relative to the start codon and followed by 17 nt of the 
complement of the SP6 promoter sequence at the 3' end. Transcripts for blunt-ended dsRNA 
formation were prepared by transicription from two different PCR products which only 
contained a single promoter sequence. 

DsRNA annealing was carried out using a phenol/chloroform extraction. Equimolar 
concentration of sense and antiseiise RNA (50 oM to 10 ^M, depending on the length and 
amount available) in 0.3 M NaOAc (pH 6) were incubated for 30 s at 90°C and then 
extracted at room temperature with an equal volume of phenol/chloroform, and followed by a 
chlorofonn extraction to remove resttdual phenol. The resulting dsRNA was precipitated by 
addition of 2.5-3 volumes of ethanol. The pellet was dissolved in lysis buffer (1 00 mM Kcl, 
30 mM HEPES-KOH, pH 7.4, 2 mM Mg(OAc)2) and the quality of the dsRNA was verified 
by standard agarose gel electrophoreses in 1 x TAE-buffer. The 52 bp dsRNAs with the 1 7 
nt and 20 nt 3' overhangs (FIG. 6) were annealed by incubating for 1 min at 95''C, then 
rapidly cooled to 70°C and followed by slow cooling to room temperature over a 3 h period 
(50 annealing reaction, 1 iM strand concentration, 300 mM NaCl, 10 mM Tris-HCl, pH 
7-5). The dsRNAs were then phenol/chlorofonn extracted, efhanol-precipitated and 
dissolved in lysis buffer. 

Transcription of internally ^^P -radiolabeled RNA used for dsRNA preparation (FIGs. 
2 and 4) was perfoinied using 1 mM ATP, CTP, GTP, 0.1 or 0.2 mM UTP, and 0.2-0.3 iM 
32P-UTP (3000 Ci/mraol), or the respective ratio for radiolabeled nucleoside triphosphates 
other, than UTP. Labeling of the of the target RNAs was performed as described 
previously. The target RNAs wore gel-puiified after cap-labeling. 

1.1.3. Cleavage Site Mapping 

Standard RNAi reactions were performed by pre-incubating 10 liM dsKNA for 15 
min followed by addition of 10 nM cap-labeled target RNA. The reaction was stopped after 
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a further 2 h (FIG. 2A) or 2.5 h incubation (FIG. 5B and 6B) by proteinase K treatment 
(TuschI et ah, 1999), The samples were then analyzed on 8 or 10% sequencing gels. The 21 
and 22 nt synthetic RNA duplexes were used at 100 nM final concentration (Fig. 5B). 

1.1.4. Cloning of -21 nt RNAs 

The 21 nt RNAs were produced by incubation of radiolabeled dsRNA in Drosophila 
lysate in absence of target RNA (200 reaction, 1 h incabation, 50 nM dsPl 1 1, or 100 nM 
dsP52 or dsP39). The reactioja mixture was subsequently treated with proteinase K (TuschI 
et al, 1999) and the dsBNA-processing products were separated on a denaturing 15% 
polyacrylaraide gel. A band, includhig a size range of at least IS to 24 nt, was excised, 
eluted into 0.3 M NaCl overnight at 4"C and in siliconized tubes. The RKA was recovered 
by ethanol-precipitation and dephosphorylated (30 lA reaction, 30 min, SO'C, 10 U alkaline 
phosphatase, Roche). The reaction was stopped by phenol/chloroform extraction and the 
RNA was ethanol-pjecipitated. The 3 ' adapter oligonucleotide (pUUUaaocgcatcottctcx: 
uppercase, KNA; lowercase, DNA; p, phosphate; x, 4-hydrox5miefhyIb©nzyl) was thai 
ligatedto the dephosphorylated ~2'1 nt KNA (20 jul reaction, 30 min, ST'C, 5 fiM 3' adapter, 
50 mM Tris-HCl, pH 7.6, 10 mM MgC12, 0.2 mM ATP, 0.1 mg/ml acetylatedBSA, 15% 
DMSO. 25 U T4 ENA Hgase, Amersham-Phaimacia)(Pan and Uhlenbeck, 1992). The 
ligation reaction was stopped by the addition of an equal volurae of 8 M urea/SO mM EDTA 
stop mix and directly loaded on a 1 5% gel. Ligation yields were greater than 50%. The 
ligation product was recovered from the gel and 5'-phosphoiylated(20 ^tl reaction, 30 rain, 
ITC, 2 mM ATP, 5 U T4 polynucleotide kinase, NEB). The phosphorylation reaction was 
stopped by phenol/chloroform extraction and RNA was recovered by ethanol-precipitatiorL 
Next, the 5' adapter (tactaatacgactoactAAA; uppercase, RNA; lowercase, DNA) was ligated 
to the phosphorylated ligation product as described above. The new ligation product was 
gel-purified and eluted from the gel slice in ti[je presence of revegrse transcription primer 
(GACTAGCTGGAATTCAAGGATGCGGTTAAA: bold, Eco RI site) used as earner. 
Reverse transcription (15 /tl reaction, 30 min, 42''C, 150 U Superscript IE reverse 
transcriptase. Life Technologies) was followed by PGR using as 5' primer 
CAGCCAACGGAATTCATACGACTCACTAAA (bold, Eco RI site) and the 3' RT primer. 
The PGR product was purified by phenol/chlorofonn extraction and ethanol precipitated. 
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The PGR product was then digested with Eco RI (NEB) and concatamerized using T4 DNA 
ligase (high cont., NEB). Concatamers of a size range of 200 to 800 bp were separated on a 
low-melt agarose gel, recovered 'ftom the gel by a standard melting and phenol extraction 
procedure^ and ethanol-precipitated. The xmpaired ends were filled in by incubation with Taq 
polymerase under standard conditioiis for 15 min at 12°Q amd the DNA product was directly 
ligated into the pCR2.1-T0P0 vfector using the TOPO TA cloning kit (Invitrogen), Colonies 
were screened using PGR and M13-20 and M13 Reverse sequencing piitners, PGR products 
were directly submitted for custom sequencing (Sequence Laboratories Gottingen GmbH, 
Germany). On avejrage, four to five 21mer seqiiences were obtained per clone. 

l.l.S. 2D TLC Analysis 

Nuclease PI digestion of radiolabeled, gel-purified siKNAs and 2D-TLC was carried 
out as described (Zamore et al., 2000). Nuclease T2 digestion was perfbnned in 10 /il 
reactions for 3 h at 50°C in 10 mM ammonium acetate (pH 4.5) using 2 /tg/^d earner fRiSTA 
and 30 U ribomiclease T2 (life Technologies). The migration of non-radioactive standards 
was determiaed by UV shadowing. The identity of nucleoside-3',5 -diphosphates was 
confirmed by co-migration of the T2 digestion products with standards prepared by S'-^^P - 
phosphorylation of commercial nucleoside 3'-inonophosphates usmg y-^^P -ATP and T4 
polynucleotide kinase (data not shown), 

1.2. Results and Discussion 

1,2.1. Length Reqniremcaits for Processing of dsKNA to 21 and 22 nt RNA 

Fragments 

Lysate prepared fromD. melanogaster syncytial embr>'^os recapitulates RNAi in vitro 
providing a novel tool for biochemical analysis of the mechanism of RNAi (Tuschl et al, 
1999; Zamore et al, 2000). In vitro and in vivo analysis of the lengfh requirements of 
dsRNA for RNAi has revealed that short dsRNA (<50 bp) are less effective than longer 
dsRKAs in degrading target mRNTA (Caplen et aL, 2000; Hammond et al., 2000; Ngo et al, 
1998; Tuschl et aL, 1999). The reasons for reduction in mRNA degrading efficieaicy are not 
understood. We tlierefore examified the precise length requirement of dsRNA for target 
RNA degradation under optimiz^ conditions in the Drosophila lysate (Zamore et al, 2000). 
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Several series of dsKNAs were synthesized and directed against firefly luciferase (Pp-luc) 
reporter RNA. The specific suppTession of target RNA expression was monitored by the 
dual luciferase assay (Tuschl et al, 1999) (FIGs. lA and IB). We detected specific 
inhibition of target RNA expression for dsKNAs as short as 38 bp, but dsKNAs of 29 to 36 
bp were not effective in this process. The effecst was independent of the target position and 
the degree of inhibition of Pp-luc xxiFNA expression coirekted with the length of the 
dsRNA, i. e., long dsRNAs were more effective than short dsRNAs. 

It has been suggested that the 21-23 nt RNA fragments generated by processing of 
dsiOSfAs are the mediators of BJSfA interference and co-suppression (Hamilton and 
Baulcombe, 1999; Hammond et al, 2000; Zamore et al, 2000). We therefore analyzed the 
rate of 21-23 nt fragment formation for a subset of dsRNAs ranging in size between 501 to 29 
bp. Formation of 21-23 nt fragments in Drosophila lysate (FIG. 2) was readily detectable for 
39 to 501 bp long dsRNAs but was significantly delayed for the 29 bp dsENA This 
observation is consistent with a lole of 21-23 nt fragments in guiding mRNA cleavage and 
provides an explanation for the lack of RNAi by 30 bp dsKNAs. The length dependence of 
21-23 mer formation is likely to reflect a biologically relevant control mechanism to prevent 
the undesired activation of RNAi by short intramolecular base-paired structures of regular 
cellular RNAs. 

1 .2.2. 39 bp dsRNA Mediates Target RNA Cleavage at a Single Site 
Addition of dsRNA and S'-capped target RNA to the Drosophila lysate results in 
sequence-specific degradation of tine target RNA (Tuschl et al, 1999). The target mRNA is 
only cleaved within the region of identity with the dsRNA and many of the target cleavage 
sites were separated by 21 -23 nt (Zamore et al, 2000). Thus, the number of cleavage sites 
for a given dsRNA was expected to roughly correspond to the length of the dsRNA divided 
by 21. We mapped the target cleavage sites on a sense and an antisense target RNA which 
was 5' radiolabeled at the cap (Zamore et al, 2000) (FIG.s 3A and 3B). Stable 5 'cleavage 
products were separated on a sequencing gel and the position of cleavage was determined by 
comparison with a partial RNase Tl and an alkaline hydrolysis ladder from the target RNA. 

Consistent with the previous observation (Zamore et al, 2000), all target RNA 
cleavage sites were located within the region of identity to the dsRNA, The sense or the 
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antiseiise target was only cleaved once by 39 bp dsRNA. Each cleavage sit© was located 1 0 
nt firom the 5'end of the region covered by the dsRNA (FIG. 3B). The 52 bp dsRNA, which 
shares the same 5' end with the 39'bp dsRNA, produces ihe same cleavage site on the sense 
target, located 10 nt fixim the 5' end of the r^on of identity with, the dsRNA, in addition to 
two weaker cleavage sites 23 and 24 nt downstream of the first site. Hie antisense target was 
only cleaved once, again 10 nt from the 5' end of the region covered by its respective dsRNA. 
Mapping of the cleavage sites for the 38 to 49 bp dsRNAs shown in FIG. 1 showpd that fee 
first and predominant cleavage site was always located 7 to 10 nt downstream of the region 
covered by the dsRNA (data not shown). This suggests that the point of target KNA 
cleavage is deteirained by the endjof the dsRNA and could imply that processing to 21-23 
mers starts from the ends of the duplex. 

Cleavage sites on sense and antisense target for the longer 1 11 bp dsRNA were much 
more frequent than anticipated and most of them appear in clusters separated by 20 to 23 nt 
(FIG.S 3A and 3B). As for the shorter dsRNAs, the JBrst cleavage site on the sense target is 
10 nt fiom the 5' end of die region ^panned by the dsRNA, and the first cleavage site on the 
antisense target is located 9 nt fiom the 5' end of the region covered by the dsRNA. It is 
unclear what causes this disordereid cleavage, but one possibility could be that longer 
dsBJNfAs may not only get processed from the ends but also internally, or there are some 
specificity determinants for dsRNA processing which we do not yet understand. Some 
irregularities to the 21-23 nt spacing were also previously noted (Zamore et al., 2000). To 
better understand the molecular basis of dsRNAprocessmg and target RNA recognition, we 
decided to analyze the sequences of the 21-23 nt fiagments generated by processing of 39, 52, 
and 11 1 bp dsRNAs in the Drosophila lysate. 

1.23 dsRNA is Processed to 21 and 22 nt RNAs by an BNase HX-Like 
Mecbanism 

In order to characterize the 21-23 nt KNA fragments, we examined the 5' and 3* 
termini of the RNA fragments. Periodate oxidation of gel-pwified 21-23 nt RNAs followed 
by j8-elimination uidicated the presence of a terminal 2' and 3' hydroxyl groups. The 21-23 
mers ware also responsive to aDcaline phosphatase treatmeait indicating tt^e presence of a 5' 
temiinal phosphate group. The presence of 5' phosphate and 3' hydroxyl termini suggests 
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that the dsKN A could be processed by an enzymatic activity similar to E. coli RNase m (for 
reviews, see Dunn, 1982; Nicholson, 1999; Robertson, 1990; Robertson, 1982), 

Directiojial clomng of 21-23 nt KNA fiagments was perfonned by ligation of a 3' and 
5' adapter oligonucleotide to thepxirified 21-23 mers using T4 KNA ligase. The ligation 
products were reverse transcribed, PCR-amplifled, coaicalamerized, cloned, and sequenced. 
Over 220 short KNAs were sequenced firom dsKNA processing reactions of the 39, 52 and 
1 1 1 bp dsRNAs (FIG. 4A). We found the foUowing leingtti distribution: 1% 1 8 nt, 5% 1 9 nt, 
12% 20 nt, 45% 21 nt, 28% 22 nt, 6% 23 nt, and 2% 24 nt Sequence analysis of the 5' 
tenniijal nucleotide of the processed fragments indicated that oligonucleotides with a 5' 
guanosine were underrepresented. This bias was most likely introduced by T4 RNA ligase 
which discriminates against 5' phosphorylated guanosine as donor oligonucleotide; no 
significant sequaicebias was seen at the 3' &q± Many of the ~21 nt ftagments derived from 
the 3' ends of the sense or antiseose strand of the duplexes include 3' nucleotides that are 
derived ftom untemplated addition of nucleotides during RNA synihesis using T7 RNA 
polymerase. Interestingly, a significant number of endogenous Drosophila -21 nt RNAs 
were also cloned, some of them fiom LTR and non-LTR retrotransposons (data not shown). 
This is consistent with a possible role for RNAi in transposon silencing. 

The -21 nt RNTAs appear in clustered groups (FIG. 4A) which cover the entire 
dsRNA sequences- Apparently, the processing reaction cuts the dsRNA by leaving staggered 
3' ends, another characteristic of RNase lU cleavage. For the 39 bp dsRNA, two clusters of 
-21 nt RNAs were found from each dsRNA-constituting strand including overhanging 3' 
ends, yet only one cleavage site was detected on the sense and antisense target (FIG.s 3 A and 
3B). If the -21 nt fragmeots were present as single-stranded guide KNAs in a complex that 
mediates niRNA degradatioii, it could be assumed tibiat at least two targei: cleavage sites exist, 
but tiiiis was not the case. This suggests that the ~2l nt RNAs may be present in double 
stranded form in the endonuclease complex but that only one of the strands can be used for 
target RNA recognition and cleavage. The use of only one of the -21 nt strands for target 
cleavage may simply be determined by the orientation in which the -21 nt duplex is bound to 
the nuclease complex. This orientation is defined by the direction in which the original 
dsRNA was processed. 
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The -21 mer clusters for the 52 bp and 11 1 bp dsRNA are less well defined when 
compared to the 39 bp dsKNA. lh& clusters are spread over regions of 25 to 30 nt most 
likely represeating several distract subpopulatiotis of --21 nt duplexes and therefore guiding 
target cleavage at several nearby ^ites. These cleavage regions are still predominantly 
s^arated by 20 to 23 nt intervals. The rules determining how regular dsRNA can be 
processed to -21 nt fiagmeats are not yet und^-stood, but it was previously observed that the 
approx- 21 -23 nt spacing of cleavage sites could be altered by a run of uridines (Zamore et 
aL, 2000). The specificity of dsRNA cleavage by E, coli RNase HI appears to be mainly 
controlled by antideteiminants, /.e., excluding some spedfio base-pairs at given positions 
relative to the cleavage site (Zhang and Nicholson, 1997). 

To test whether sugar-, base- or cap-modification were present in processed -21 nt 
RNA jfragments, we incubated radiolabeled 505 bp Pp-luc dsRNA in lysate for 1 h, isolated 
the -21 nt products, and digested it with PI or T2 nuclease to mononucleotides. The 
nucleotide imxture was then analysed by 2D thin-layer chromatography (FIG. 4B). None of 
tihe four natural ribonucleotides w«re modified a$ indicated by Pi or T2 digestion. We have 
previously analyzed adenosine to inosine conversion in the ■^2 1 nt itagments (after a 2 h 
incubation) and detected a small extent (<0.7%) deamination (Zamore et. al., 2000); shorter 
incubation in lysate (1 h) reduced'fhis inosine fraction to barely detectable levels. RNase T2, 
which cleaves 3' of the phosphodtester linkage, produced nucleoside 3'-phosphate and 
nucleoside 3', 5 '-diphosphate, thereby indicating the presence of a S'-termiual 
monophosphate. All four nucleoside 3', 5'-diphosphafes were detected and suggest that the 
intemucleotidic linkage was cleaved with little or no sequence-specificity. In summary, the 
~21 nt flragments are unmodified and were generated from dsRNA such tibat 5'- 
monophosphates and 3'-hydraxyls were present at the 5'-cnd. 

1:2.4 Synthetic 21 and 22 nt I?NAs Mediate Target RNA Cleavage 

Analysis of the products of dsRNA processing indicated that the -21 nt fragments are 
generated by a reaction with all the characteristics of an RNase IH cleavage reaction (Dunn, 
19S2; Nicholson, 1999; Robertson, 1990; Robertson, 1982). RNase HI makes two staggered 
cuts in both strands of the dsRNA, leaving a 3' overhang of about 2 nt. We chemically 
synthesized 21 and 22 nt RNAs, i'daatical in sequence to some of the cloned ~21 nt 
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fragments, and tested them for their ability to mediate target RNA degradation (FIG.S 5 A and 
5B). The 21 and 22 nt KNA duplexes were incubated at 100 nM concentratioiis in the Jysate, 
a 10-fold higher concentration than the 52 bp control dsRNA. Under these conditions, target 
RNA cleavage is readily detectable. Reducing the concentration of 21 and 22 nt duplexes 
from 100 to 10 nM does still cause target BNA cleavage, increasing the duplex 
concentration from 100 nM to 1000 nM however does not further increase target cleavage, 
probably due to a limiting protein factor within the lysate. 

In contrast to 29 or 30 bp dsRNAs that did not mediate RNAi, the 21 and 22 nt 
dsRNAs with overhanging 3' ends of 2 to 4 nt mediated efficient degradation of target RNA 
(duplexes 1, 3, 4, 6, FIG.s 5A and 5B). Blunt-ended 21 or 22 nt dsENAs (duplexes 2, 5, and 
7, FIG.s 5A and 5B) were reduced in their ability to degrade the target and indicate that 
overhanging 3' ends are critical for reconstitution of the RNA-protMn nuclease complex. The 
single-stranded oveihangs may be required for high affinity binding of the ~21 nt duplet to 
the protein components. A 5' temiinal phosphate, although present after dsKNA processing, 
was not required to mediate target KNA cleavage and was absent' from the short synthetic 
KNAs. 

The synthetic 21 and 22 nt duplexes guided cleavage of sense as well as antisense 
targets within the region covered by the short duplex. This is an important result considering 
that a 39 bp dsRNA, which forms two pairs of clusters of ~21 nt fragments (Fig. 2), cleaved 
sense or antisense targets only once and not twice. We interpret this result by suggesting that 
only one of two strands present in the ~21 nt duplex is able to guide target RNA cleavage and 
that the orientation of the ~21 nt duplex in tlie nuclease complex is determined by tlie initial 
direction of dsRNA processing. The presentation of an already perfectly processed ~2l nt 
duplex to the in vitro system however does allow formation of the active sequence specific 
nuclease complex with two possible orieaitations of the symmetric RNA duplex. This results 
in cleavage of sense as well as antisense target within the region of identity with the 21 nt 
RNA duplex. 

The target cleavage site is located 1 1 or 12 nt downstream of the first nucleotide that 
is complementary to the 21 or 22 nt guide sequence, Le., 1he cleavage site is near the center 
of the region covered by the 21 or 22 nt KNAs (FIG.s 4A and 4B), Displacing the sense 
strand of a 22 nt duplex by two nticleotldes (compare duplexes 1 and 3 in FIG. 5A) displaced 
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tie cleavage site of only the antisense target by two nucleotides. Displacing both sense and 
antisense strands by two nucleotides shifted both cleavage sites by two nucleotides (compare 
duplexes 1 and 4). It should be possible to design a pair of 21 or 22 nt RNAs to cleave a 
target KNA at almost any given position. 

The specificity of target RNA cleavage guided by 21 and 22 nt RNAs appears 
exquisite as no aberrant cleavage sites are detected (Fig. 5B). It should however be noted, 
that the nucleotides present in the 3' overhang of the 21 and 22 nt RJSTA duplex may 
contribute less to substrate recognition than the nucleotides near the cleavage site. This is 
based on the observation that the 3' most nucleotide in the 3' overhang of the active duplexes 
1 or 3 (FIG. 5A) is not complementary to the target. A detailed analysis of the specificity of 
RNAi can now be readily undertaken using synthetic 21 and 22 nt RNAs. 

Based on the evidence that synthetic 21 and 22 nt RNAs with overhanging 3' ends 
mediate RNA intciference, we propose to name the -21 nt RNAs "short interfering RNAs" or 
siRNAs and the respective RNA-pnotein complex a "small interfering ribonucleoprotein 
particle," or siRNP. 

1.2.5. 3' Overhangs of 20 nt on short dslElNAs inhiibit RNAii 
We have shown that short blunt-ended dsKNAs ^ear to be processed jfrora the ends 
of the dsRNA. Dtiring our study of the lenglli dependence of dsRNA in RNAi, we have also 
analyzed dsRNA with 17 to 20 nt overhanging 3' ends and found to our surprise that they 
were less potent than blunt-ended dsRNAs. The inhibitory effect of long 3' ends was 
particularly pronounced for dsRNAs up to 100 bp but was less dramatic for longer dsRNAs. 
The effect was not due to imperfect dsKNA formation based on native gel analysis (data not 
shown). We tested if the inhibitory effect of long ovorhanging 3' ends could be used as a tool 
to direct dsRNA processing to only one of the two ends of a short RNA duplex. 

We synthesized four combinations of the 52 bp model dsRN A blunt-aided, 3' 
extension on only the sense stiand; 3 -ejrtension on only the antisense strand, and double 3' 
extension on both strands, and mapped ihe target KNA cleavage sites after incubation in 
lysate (FIG.S 6A and 6B). Tins first and predominant cleavage site of the sense target was 
lost when the 3' end of the antisense strand of the duplex was extended, and vice versa, the 
strong cleavage site of the antisense target was lost when the 3' end of sense strand of the 
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duplex was extended. 3' Extensions on both strands rendered the 52 bp dsRNA \drtually 
inactive. One explanation for thfe dsRNA iaactivation by -20 nt 3' extensions could be the 
association of single-straQded liNA-binding proteins which could interfere with the 
association of one of the dsRNA-pfocessing factors at this end. This result is also consistent 
with our model where only one of the strands of the siRNA dijplex in the asssnbled siRNP is 
able to guide target RNA cleavage. The orientation of the strand that guides RNA cleavage 
is defined by the direction of the'dsRNA processing reaction. It is likely that the presence of 
3' staggered ends may facilitate the assembly of the processing complex. A block at the 3' 
end of the sense strand will only permit dsRNA processing from the opposing 3' end of the 
antisense strand. This in turn generates siRNP complexes in which only the antisense strand 
of the siRNA duplex is able to gaide sense target KNA cleavage. The same is true for the 
reciprocal situation. 

The less pronounced inhibitory effect of long 3' extensions in the case of longer 
dsRNAs (500 bp, data not shown) suggests to us that long dsRNAs may also contain internal 
dsRNA-processing signals or may get processed cooperatively due to the association of 
multiple cleavage factors. 

1.2.6. A Model for dsRNA-Directed mRNA Cleavage 

The new biochemical data update the model for how dsKNA targets n}RNA for 
destruction (FIG. 7). Double stranded RNA is first processed to short RNA duplexes of 
predominantly 21 and 22 nt in length and with staggered 3' ends similar to an RNase Hl-Hke 
reaction (Dunn, 1982.; Nicholson^ 1999; Robertson, 1982). Based on the 21-23 nt length of 
the processed RNA fragments it has already been speculated tliat an RNAse IE-like activity 
may be involved in RNAi (Bass, 2000). This hypotiiesis is fUrther supported by the presence 
of 5' phosphates and 3' hydroxyls termini at the termini of the siKNAs as observed in RNAse 
m reaction products (Dunn, 1982^ Nicholson, 1999). Bacterial RNAse HI and the eukaryotic 
homologs Rntlp in S. cerevisiae and Paclp in S. pombe have been shown to fiinction in 
processing of ribosomal ENA as well as snKNA and snoKNAs (see for example Chanfireau et 
«/.,2000). 

Little is known about the biochemistry of RNase IH homologs from plants, or 
animals, including humans. Two families of RNase III aizymes have been identified 
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predorainantly by database-guided sequence analysis or cloning of cDNAs. The first KNase 
rn family is represented by the 1327 amino add longD. melanogast&r protein dxosha (Acc. 
AFl 16572). The C-terminus i$ composed of two SNase III aad one dsRNA-hindiag domain 
and the N-tommus is of unkaown fimction. Close homologs axe also found in C. elegans 
CAcc. AF160248) and human (Acc. AF1S901 1) (Filippov et al, 2000; Wu et al, 2000), The 
drosha-like hmnan RNase III was recently cloned and characterized (Wu et aL, 2000). The 
gene is ubiquitously expressed in human tissues and cell lines, and the protein is localized in 
the nucleus and the nucleolus of the cell. Based on results inferred from antisense inhibition 
studies, arole of this protein for rRNA processing was suggested. The second class is 
represented by the C. elegans gene K12H4.8 (Acc. S44849) coding for a 1822 amino acid 
long protein. This protein has aniN-temmial KNA helicase motif which is followed by 2 
KNase HI catalytic domains and a dsKNA-binding motif, similar to the drosha KNAse III 
femily. There are close homologs in S. pombe (Acc. Q098S4), A. thaliana (Acc. AF187317), 
D. melanogaster (Acc. AE003740), and human (Acc. AB028449) (Filippov et al.. 2000; 
Jacobsen et al, 1999; Matsuda et al, 2000). Possibly the K12H4.8 RNase m/helicase is the 
likely candidate to be involved in-KMAi. 

Genetic screens in C, elegans identified ide-1 and rde-4 as essential for activation of 
RNAi without an effect on transposon mobilization or co-suppression (Demburg et al, 2000; 
Grishok et al., 2000; Ketting and Plasterk, 2000; Tabara et al., 1999). This led to the 
hypothesis that these genes are important for dsRNA processing but are not involved in 
mRNA target degradation. The function of both genes is as yet unknown, the rde-1 gene 
product is a member of a family of proteins similar to the rabbit protein eIF2C (Tabara et al, 
1999), and the sequence of rde-4 has not yet been described. Future biochemical 
characterization of these proteins should reveal their molecular function. 

Processing of the siKNA duplexes appears to start ftom the ends of both bhmt-ended 
dsRNAs or dsRNAs with short (1-5 nt) 3* overhangs, and proceeds in approximately 21-23 nt 
st^s. Long (-20 nt) 3' staggered ends on short dsKNAs suppress RNAi, possibly through 
intaaction with single-stranded RNA-binding proteins. The suppression of RNAi by single- 
stranded regions flanking short dsKNA and the lack of siKNA formation from short 30 bp 
dsRNAs may explain why structured re^ons fi-equentily encountered in mRNAs do not lead 
to activation of RNAi. 
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Without wishing to be 'bound by theory, we presume that the dsKNA-processing 
proteins or a subset of these remain associated with the siKNA duplex after the processing 
reaction. The orientation of the siKNA duplex relative to these proteins determines which of 
the two complementary strands ^unctions in guiding target RNA degradation. Chemically 
synthesized siRNA duplexes guide cleavage of semse as well as antisense target KNA as they 
are able to associate with the protein components in either of the two possible orientation. 

The remarkable finding that synthetic 21 and 22 nt siKNA duplexes can be used for 
efficient mRNA degradation provides new tools for sequence-specific regulation of gene 
expression in functional genomics as well as biomedical studies. The siRNAs may be 
effective in mammaJian systems where long dsRJNAs cannot be used due to the activation of 
the PKR response (Clemens, 1997). As such, the siRNA duplexes represent a new 
alternative to antisense or ribozyme therapeutics. 

Example 2, KNA Interference in Hnman Tissue Cultures 

2.1. Methods 

2.1.1. RNA preparation 

21 nt KNAs were chemically synthesized using Expedite RNA phosphoiamidites and 
thymidine phosphoramidite (Proligo, Germany). Synthetic oligonucleotides were 
deprotected and gel-purified (Example 1), followed by Sep-Pak CIS cartridge (Waters, 
Milford, MA, USA) purification (Tuschl, 1993). The siRNA sequences targeting GL2 (Acc. 
X65324) and GL3 luciferase (Acc U47296) corresponded to the coding regions 153-173 
relative to the first nucleotide of the start codon; siRNAs targeting RL (Acc. AF025846) 
corresponded to region 1 19-129 after the start codon. Longer KNAs were transcribed with 
T7 RNA polymerase firora PGR products, followed by gel and Sep-Pak purification. The 49 
and 484 bp GL2 or GL3 dsRNAs corresponded to position 113-161 and 113-596, 
respectively, relative to the start of translation; the 50 and 501 bp RL dsKNAs corresponded 
to positions 118-167 and 118-6118, respectively, PGR templates for dsKNA synthesis 
targeting humanized GFP (hG) were amplified from pAD3 (Kehlenbach, 1998), whereby 50 
and 501 bp hG dsRNA correspo'nded to position 1 18-167 and 1 18-618, respectively, to the 
start codon. 
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For annealing of siENAs, 20 fM. single strands were incubated in annealing buffer 
(1 00 mU potassium acetate, 30 mU HEPES-KOH at pH 7.4, 2 mM magaesimn acetate) for 
1 mia at 90°C followed by 1 h at ST^C. The 37'C incubation step was extended overnight 
for the 50 and 500 bp ds!RNAs and these amealing reactions were performed at 8.4 iM. and 
0.84 ^iM straud concentrations, respectively. 

2,1:2, CellCnlture 

S2 cells ware propagated in Schneider's Drosophila medium (Life 
Technologies) supplemented wifh'10% FBS, 100 units/ml penicillin and 100 fig/ml 
streptomycin at 25°C. 293, MH/3T3, HeLa S3, and COS-7 cells were grown at 37°C in 
Dulbecco 's modified Eagle's medium supplemented with 10% FBS, 100 units/ml penicillin 
and 100 /tg/ml streptomycin. Ceils were regularly passaged to maintain exponential growth 
24 h before transfeotion at approx. 80% confluency, mammalian cells wore trypsinized and 
diluted 1 :5 with fresh medium without antibiotics (1-3 x 105 cells/ml) and transferred to 24- 
well plates (500 /il/well). S2 cells wete not trypsinized before splitting, Transfection was 
carried out with Lipofectamine 2000 reagent (Life Technologies)as described by the 
manufacturer for adherent cell lines. Perwell, 1.0/igpGL2-Control(Promega)orpGL3- 
Control (Promega), 0. 1 ptg pRL-TK (Promega) and 0.28 pig siRNA duplex or dsBNA, 
fbnnulated into liposomes, were applied; the final volume was 600 ^lI per well, Cells were 
incubated 20 h after transfection and appeared healthy thereailer, Luciferase expression was 
subsequently monitored with the Dual luciferase assay (Promega), Transfection efficiencies 
were determined by fluorescence microscopy for mammalian cell lines after co-transfection 
of LI itig hGPP-encoding pAD3 and 0.28 pg invGL2 inGL2 siKNA and were 70-90%. 
Reporter plasmids were amplified in XL^l Blue (Stratagene) and purified using the Qiagen 
EndoFree Maxi Plasmid Kit. 

2X Results and Discussion 

To test whether siKSfAs are also enable of mediating RNAi in tissue culture, we 
synthesized 21 nt siKNA duplexes with symmetric 2 nt 3' overhangs directed against reporter 
genes coding for sea pansy (Renilla teniformis)siLd two sequeace variants of firefly {Phptinus 
pyralis, GL2 and GL3) luciferases (Fig. Sa, b). The siRNA duplexes were co-transfected 
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with tiie reporter plasmid combiiktions pGL2/pRL orpGL34)RL into D. meUmogaster 
Schneider (S2) cells or marnmahan cells using cationic liposomes. Luciferase activities were 
deteimined 20 h after transfection, Ixk all ceU lines tested, we observed speoifio reduction of 
the expression of the repoiter genes in the presence of cognate siKNA duplexes (Fig. 9a-j). 
Remarkably, the absolute ludfer^e expression levels were unaffected by non-cognate 
siRNAs> indicating the absence of hannful side effects by 21 nt RNA duplexes Fig. 
lOa-d for HeLa cells). la.D, mehnogaster S2 cells (Fig. 9a, b), the specific inhibition of 
luciferases was conrplete. In mammaHan cells, where the rq)orter genes were 50- to 100-fold 
more strongly expressed, the specific suppression was less complete (Fig. 9c-j). GL2 
ejcpiession was reduced 3- to 12-fold, GL3 expression 9- to 25-fold and RL expression 1- to 
3-fold, in response to the cognate stElNAs. For 293 cells, targeting of RL luciferase by RL 
siRNAs was ineffective, although GL2 and GL3 targets responded specifically (Fig. 9i, j). 
The lack of reduction of RL expression in 293 cells may be due to its 5-to 20-foId hi^er 
expression compared to any other mammalian cell line tested and/or to Uinited accessibility 
of the target sequence due to RNA secondaiy structure or associated proteins. Nevertheless, 
specific targeting of GL2 and GL3 luciferase by the cogaate siBNA duplexes indicated that 
RNAi is also fbnctiomng in 293 cells. 

The 2 nt 3' overhang in all siRNA duplexes, except for uGL2, was composed of (2' 
deoxy) thymidine. Substitution of uridine by thymidine in the 3' overhang was well tolerated 
in the D. melanogaster in vitro system and the sequence of the overhang was not critical for 
target recognition. The tl^jraidine overhang was chosen, because it is supposed to enhance 
nuclease resistance of siSNAs in the tissue culture medium and within transfected cells. 
Indeed, the thymidine-modified GL2 aiRNA was slightly more potent than the unmodified 
uGL2 siRNA in all cell lines tested (Fig. 9a, c, e. g, i). It is conceivable that flttfher 
modifications of the 3' overhangJng nucleotides may provide additional benefits to the 
delivery and stabilitjr of siRNA duplexes. 

In co-transfection experiments, 25 nM siRNA duplexes with respect to the final 
volmne of tissue culture medium' were used (Fig. 9, 10). Increasing the siRNA concentration 
to 100 nM did not enhance the specific silencing effect but started to affect transfection 
efficiencies due to competition for liposome encapsulation between plasmid DNA and 
siRNA (data not shown). Decreasing the siRNA concentration to 1 .5 nM did not iisduce the 
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Specific silencing effect (data not shown), even though tie siRNAs were now only 2- to 20- 
fold more conceatrated than the DNA plasmids. This indicates that siRNAs are 
extiraordinaiily poweirfal reagents fox mediating gene sileacing and that siRNAs are effective 
at concentrations several orders of magnitude below the concentrations ^plied in 
5 conveoiional antisense or ribozyme gene targeting experiments. 

In order to monitor the effect of longer dsRNAs on mammalian cells, 50 and 500 bp 
dsRNAs cognate to the reporter genes were prepared. As non-specific control, dsRNAs from 
humanized GFP (hG)(KeMBnbach, 1 99S) was used. When dsRNAs were co-transfected in 
identical amounts (not concentrations) to the siRNA duplexes, the reporter gene expression 

10 was strongly and unspecifically reduced. This effect is illustrated for HeLa cells a$ a 
representative example (Fig, lOal-d). The absolute hiciferase activities were decreased 
unspecifically 10- to 20-fold by 50 bp dsRNA and 20- to 200-&ld by 500 bp dsRNA co- 
transfection, respectively. Similar unspecific effects were observed for COS-7 and NIH/3T3 
cells. For 293 cells, a 10- to 20-fi3ld unspedfic reduction was observed only for 500 bp 

1 5 d$KNAs. Unspecific reduction in reporter gene expression by dsRNA >30 bp was expected 
as part of the interferon response. 

Siuprisingly, despite the strong unspecific decrease in reporter gene expression, we 
reproducibly detected additional sequence-specific, dsRKA-mediated silencing. The specific 
silencing effects, however, were only apparent when the relative reporter gene activities were 

20 nonnalized to the hG dsRNA controls (Fig. 1 Oe, f). A 2- to 1 0-fold specific reduction in 

response to cognate dsRNA was observed, also in the other three mammalian cell lines tested 
(data not shown). Specific silencing effects with daEiNAs (35(5-1 662 bp) were previously 
reported m CHO-Kl celk, but the amounts of dsRNA required to detect a 2-to 4-&ld specific 
reduction were about 2C^-fold hi^er than in our experiments (Ui-Tei, 2000). Also, CHO-Kl 

25 cells appear to be deficient in the interferon response. In another repoit, 293, N1H/3T3 and 
BHK-21 cells were tested for RNAi using luciferase/IacZ rqsorter combinations and 829 bp 
specific lacZ or 71 7 bp unspecific GFP dsRNA (Caplen, 2000). The failure of detecting 
RNAi in this case may be due to the less sensitive luciferase/lacZ reporter assay and the 
length differences of target and control dsRNA. Taken together, our results indicate that 

30 KNAi is active in mammalian cells, but that the silencing effect is difficult to detect if the 
interferon system is activated by dsRNA >30 bp. 
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lu sunimary, we have demonstrated for the first time siRNA-mediated gene silencing 
in mammalian cells. The use of short siRNAs holds great promise for ioactivation of geoe 
function in human tissue cutture 'sad the development of gene-specific therapeutics. 

Example 3. Specific Inhibitton of Gene Expression by RNA Interference 

3.1. Materials and Methods 

3.1.1. RNA preparation and KNAi assay 

Chemical RNA synttiesis, annealing, and luciferase-based RNAi assays were 
performed as described in Examples 1 or 2, or in previous publications (Tuschl et al., 1999; 
Zamore et al, 2000). All siKNA duplexes were directed against firefly laciferase, and the 
luciferase mENA sequence was derived fiom pGEM-luc (GenBank acc. X653 16) as 
described (Tusdhl & al., 1999). lbs siKNA duplexes were incubated ini). melanogaster 
RNAi/translation reaction for 15 min prior to addition of mRNAs. Translation-based RNAi 
assays were performed at least id tripEcatea. 

For mapping of sense target RNA cleavage, a 177-nt transcript was generated, 
corresponding to the firefly luciferase sequence between positions 1 1 3-273 relative to the 
start codon, followed by the 17-nt complement of the SP6 promoter sequence. Formapping 
of antiseose target RNA cleavage, a 166-nt transcript was produced from a template, which 
was amplified fiom plasmid sequence by PCR using 5' printer 

TAATACGACTCACTATAGA6 CCCATATCGTTTCATA (17, promoter rniderUned) and 
3' primer AGAGGATGGAACCGCTGG. The iarget sequence corresponds to the 
complement of the firefly luciferase sequence between positions 50-215 relative to the start 
codon. Guanylyl transferase labelling was performed as previously described (Zamore et aL, 
2000). For mapping of target RNA cleavage, 100 nM siRNA duplex was incubated with 5 to 
10 nM target RNA in D. melamgaster embryo lysate under standard conditions (Zamore et 
aU 2000) for 2 h at 25°C. The reiaction was stopped by the addition of 8 volumes of 
proteinase K buffer (200 mM Tris-HCl pH 7.5, 25 mM EDTA, 300 mM NaCl, 2% wAr 
sodium dodecyl sulfate). Proteinase K (E.M. Merck, dissolved in water) was added to a final 
concentration of 0.6 mg/ml. The reactions were then incubated for 15 min at 65"C, extracted 
with phenol/chloroform/isoamyl alcohol (25:24:1) and precipitated with 3 volumes of 
ethanol. Samples were located on 6% sequencing gels. Length standards were generated by 
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partial KNase Tl digestion and partial base hydrolysis of the cap labeled sense or antisense 
target KNAs. 

3.2. Results 

5 3.2.1. Variation of tbe 3' overhang in duplexes of 21-nt siRNAs 

As described above, 2 or 3 unpaired mdeotides at the 3' end of siKNA duplexes were 
more efEtcient in target RNA degradation than the respective blunt-ended duplexes. To 
perform a more comprehensive analysis of the function of the tenninal nucleotides, we 
synthesized five 21-nt sense siRNAs, each displayed by one nucleotide relative to the target 

10 RNA, and eight 21-nt antisense siRNAs, each di^laced by one nucleotide relative to the 
target (FIG. IIA). By combiaitig sense and antisense siRNAs, eight series of siRNA 
duplexes with synthetic ovKchanging ends were gensrated covering a range of 7-nt 3' 
overhang to 4-nt 5'overhang. The interference of siKKA duplexes was measured using the 
dual luciferase assay system (Tuschl et al, 1999; Zanaore et al, 2000), siKNA duplexes 

15 were directed against firefly luciferase mKNA, and sea pansy ludferase noRNA was used as 
an internal control. The luminescence ratio of target to control luciferase activity was 
detennined in the presence of siKNA duplex and was normalized to the ratio observed in the 
absence of dsRNA. For comparison, the interferiaice ratios of long dsRNAs (39 to 504 bp) 
are shown in FIG. IIB. The inteiference ratios were determined at concentrations of 5 nM 

20 for long dsRNAs (FIG. 11 A) and at 100 nM for siRNA duplexes (FIG. 1 1 C-J). The 100 nM 
concentrations of siRNAs was chosen, because complete processing of 5 nM 504 bp dsRNA 
would result in 120 nM total siRNA duplexes. 

The ability of 21-nt siRNA duplexes to mediate RNAi is depraident on the number of 
overhanging nucleotides or base pairs fomed. DuplMces with four to six 3' overhanging 

25 nucleotides were unable to medisEte RNAi (FIG. 1 1 C-F), as were duplcaces with two or more 
5' overhanging nucleotides (FIG. UG-J). The duplexes with2-nt 3' overhangs were roost 
efficient in mediating RNA interference, thou^ the efficiency of silencing was also 
sequence-deptodent, and up to 12-fold differences were observed for different siRKA 
duplexes with 2-nt 3' overhangs (compare FIG. IID-H). Duplexes with blunted ends, 1-nt 5' 

30 overhang or 1- to 3-nt 3' overhangs ws-e sometimes functional. Hie small silencing effect 
observed for the siKNA duplex with 7-nt 3' overhang (FIG. 1 1 C) may be due to an antisense 
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effect of the long 3' overhang rather Hhm due to RNAi. Comparison of the efficiency of 
KNAi between long dsRNAs (Fig. IIB) and the most effective 21-nt siRNA duplexes (Fig. 
1 IE, G, aad H) indicates that a single siRNA duplex at 100 nM concentration can be as 
effective as 5 nM 504 bp dsKNA. 

3.2.2. Lengtb variation of the sense siRNA paired to an invariant 21-nt antisense 

siRNA 

In order to investigate the effect of length of siRNA on RNAi> we prepared three 
series of siRNA duplexes, combining three 21-nt antdsense straads with eight, IS-to 25-nt 
sense strands. The 3' overhang of tlie antisense siRNA was fixed to Ij 2, or 3 nt in each 
siRNA duplex series, while the sense siRNA was varied at its 3' end (FIG. 12A). 
Independent of the length of the sense siENA, we fbinid that duplexes witii 2-nt 3'overhang 
of antisense siENA (FIG. 12C) were more active than those wifli 1- or 3-nt 3' ov6±ang (FIG. 
12 B, D). In the first series^ with 1-nt 3' overhang of antisense siRNA, duplexes with a 21- 
and 22-nt sense siRNAs, cairying.a 1- and 2-nt 3' overhang of sense siRNA, respectively, 
were most active. Duplexes with 19- to 25-nt sense siRNAs were also able to mediate RNA, 
but to a lesser extent. Similarly, in the second series, with 2-nt oveihang of antisense siRNA, 
the 21-nt siRNA duplex with 2-nt '3' overhang was most active, and any other combination 
with tlTie IS- to 25-ut sense siRNAk was active to a significant degree. In the last series, with 
3-nt antisense siRNA 3' overhang, only the duplex with a 20-iit sense siRNA aad the 2-nt 
sense 3' overhang was able to reduce target RNA expression. Together, these results indicate 
that the length of the siRNA as wdll as the length of the 3' overhang are important, and that 
duplexes of 21-nt siRNAs with 2'-nt 3' overhang are optimal for RNAi. 

3.2 J Length vaiiationt of siRNA duplexes with a constant 2-nt 3' overhang 

We next examined the effect of simultaneously changing the length of both siRNA 
strands by maintaining symmetric 2-nt 3' overhangs (FIG.13A). Two series of siRNA 
duplexes were prepared including the 21-nt siRNA duplex of FIG. 1 IH as reference. The 
length of the duplexes was varied between 20 to 25 bp by extending the base-paired segment 
at the 3' end of the sense siRNA (EIG. 13B) or at the 3' end of the antisense siRNA (FIG. 
13C). Di5>lexes of 20 to 23 bp csiised specific repression of target Inciferase activity, but the 
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21-iit siRNA duplex was at least 8-fold more efficient than any of the other duplexes. 24-aQd 
25-iit siKNA duplex^ did not result in any detectable interference. Sequence-specific effects 
were minor as variations on both ends of the duplex produced similar effects. 

3.2.4. 2*-Deoxy and 2'<-Cy-me(hyl-modified siRNA duplexes 

To assess flie importance of the siRNA ribose residues for RNAi duplexes with 21-nt 
siRNAs and 2-nt 3'overfiangs with 2' deoxy- or 2'-0-meiIiyl-modified strands were examined 
(FIG. 14). Substitution of 2-nt 3' overhangs by 2'-deoxy nucleotides had no effect, and even 
the replacement of two additional ribonucleotides adjacent to the overhangs in the paired 
region produced sigmficantly active siRNAs. Thus, 8 out of 42 nt of an siElNA duplex were 
replaced by DNA residues withou't loss of activity. Complete substitution of one or both 
siRNA strands by 2'-deoxy residtiee, however; abolished RNAi, as did substitution by 2-0- 
mefhyh-esidues. 

3.2.5. Definition of target RNA cleavage sites 

Target RNA cleavage positions were previously detennined for 22-nt siRNA 
duplexes and for a 21-nt/22-nt duplex. It was found that the position of the target RNA 
cleavage was located in the center of tbe region covered by the siRNA duplex, 1 1 or 12 nt 
downstream of the first nucleotide that was complementary to the 21-or 22-nt sillNA guide 
sequence. Five distinct 21-nt siRNA duplexes with 2-nt 3' overhang (FIG. 15A) were 
incubated with 5' cap-labeled sense or antisense target RNA in D. mdanogaster lysate 
(Tuschl et aL, 1999; Zamore et ah, 2000). The 5' cleavage products were resolved on 
sequaicing gels (FIG. 15B). The amount of sense target RNA cleaved correlates with the 
efficiency of siRNA duplexes detennined in tihe translation-based assay, and siRNA duplexes 
1 , 2 and 4 (FIG. 15B and 1 1 H, gJe) cleave target RNA faster than duplexes 3 and 5 (FIG. 
15B and 1 1 F, D). Notably, the sum of radioactivity of the 5' cleavage product and the input 
target RNA were not constant over time, and the 5' cleavage products did not accumulate. 
Presumably the cleavage products, once released from the siRNA-aidonuclease complex, 
are rapidly degraded due to the lack of either of the poly(A) tail or the 5'-cap. 

The cleavage sites for both' sense and antisense target KNAs were located in the 
middle of the region spanned by tHe siRNA duplexes. The cleavage sites for each target 
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produced by the five different duplexes varied by one nucleotide accorditig to the 1-nt 
displacement of the duplexes along the target sequences. The targets were cleaved precisely 
n nt downstream of the target position complementary to the 3'-most nucleotide of the 
sequence-complementary guide siKNA (FIG. 15 A, B), 

In order to determine, whethw the 5' or the 3' end of the guide siENA sete the ruler 
for target RNA cleavage, we devised the experimental strategy outlined in FIG. I6A and B. 
A 21-nt antisense siRNA, which was kept invariant for this study, was paired with sense 
siRNAs that were modified at either of their 5' or 3' ends. The position of sense and 
antisense target KNA cleavage was determined as described above. Changes in the 3' end of 
the sense siSNA, monitored for 1-nt 5' overhang to 6-nt 3' overhang, did neither effect the 
position of sense nor antisaise target RNA cleavage (FIG, 16C). Changes in the 5' end of the 
sense siRNA did not affect the sense target RNA cleavage (FIG. 16D, top panel), which was 
expected because the antisense siRNA was unchanged. Howev^, the antisense target RNA 
cleavage was affected and strongly dependent on the 5' ©ad of Ihe sense siEiNA (FTG. 16D, 
bottom panel). The antisense target was only cleaved, when the sense siRNA was 20 or 21 nt 
in size, and flT,e position of cleavage diff^ent by 1-nt, suggesting that the 5' end of the target- 
recognizing siRNA sets the rular for target KNA cleavage. The position is located between 
nucleotide 10 and 11 when counting in upstream direction from the target nucleotide paired 
to the 5'-TOost nucleotide of the guide siKNA (see also FIG. 15A). 

3.2.6. Sequence effects and 2'-deoxy substhmtions in the 3' overhang 

A 2-nt 3' overhang is preferred for siRNA fiinction. We wanted to know, if the 
sequence of the oveihanging nucleotides contributes to target recogdition, or if it is only a 
feature required for reconstiftitioaof the endonuclease complex (RISC or siRNP). We 
synthesized sense and antisense siRNAs with AA, CC, GG, UU, and UG 3' overhangs and 
included Ihe 2'-deoxy modificatioiis TdG and TT. The wild-type siRNAs contained AA ui 
the sense 3' overhang and UG in the antisense 3' oveihang (AA/UG), All siRNA duplexes 
were functional in the interference assay and reduced target expression at least 5-fold (FIG. 
17). The most efficient siRNA duplexes that reduced target expression more than 10-fold, 
were of the sequence type NN/UG,, NN/UU, NN/TdG, and NN/TT (N, any nucleotide). 
siRNA diqilexes with an antisense. siRNA 3' overhang of AA, CC or GG were less active by 
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a factor 2 to 4 when compared to ifhe wild-type sequence UG or the mutant UU. This 
reduction in RNAi efficioicy is lifeely due to the contribution of the penultimate 3' 
nucleotide to sequegace-specific target recognition, as the 3' temianal nucleotide was changed 
from G to U wiiixout effect. 

Changes in the sequence of the 3' overhang of the sense siRNA did not reveal any 
sequence-dependent effects, which was expected, because the sejjse siKNA must not 
contribute to sense target mRNA recognition. 

3.2.7. Sequence specificity of target recognition 

hi order to examine the sequence-specificity of target recognition, we introduced 
sequence changes into the paired .segmsats of siRNA duplexes and determined the efBciency 
of silencing. Sequence changes were introduced by inverting short segments of 3- or4^t 
length or as point mutationa (FIGS. IS). The sequence changes in one siRKA strand were 
compensated in the complementary siRNA strand to avoid perturbing the base-paired siRNA 
duplex stracture. The sequence of all 2-nt 3' overtiangs was TT (T, 2'deoxythymidine) to 
reduce costs of synthesis. The TT/TT reference siRNA duplex was comparable m RNAi to 
the wild-type siRNA duplex AA^G (FIG. 17). The ability to mediate reporter mRNA 
destruction was quantified using the translation-based luminescence assay. Duplexes of 
siEiNAs with inverted sequence s'egments showed dramatically reduced ability for targeting 
the firefly luciferase reporter (FIG. 18), The sequence changes located between the 3' end 
and the middle of the antisense siRNA completely abolished target RNA recognition, but 
mutations near the 5' end of the antisense siRNA exhibited a small degree of silencing. 
Transversion of the AAJ base parr located directly opposite of the predicted target RNA 
cleavage site, or one nucleotide ftr&er away from the predicted site, prevented target RNA 
cleavage, therefore indicating that a smgle mutation within the center of an siRNA duplex 
discriminated between mismatched targets. 

3.3, discussion 

siRNAs are valuable reagents for inactivation of gene expression, not only in insect 
cells, but also in maromalian cells, with a great potential for tlierapeutic application. We have 
systematically analyzed the structural determinants of siRNA duplexes required to promote 
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efBcient target KNA degradatioii m D. mdanogaster embryo lysate, thus providing rules for 
the design of most potent siEUSfA duplexes. A perfect sflKNA duplex is able to silence gene 
expression with an efSciency comparable to a 500 bp dsRNA, given that comparable 
quantities of total RNA are used. 

3.4. Tlie siRNA user guide 

Efficiently silencing siRlisfA duplexes are preferably composed of 21-nt antisenae 
siRNAs, and should be selected to form a 19 bp double helix with 2-nt 3' overhanging ends. 
2'-deoxy substitutions of the 2-nt 3' overhanging ribonucleotides do not affect ENAi, bat help 
to reduce the costs of RNA S3'nthesis. More extensive 2'-deoxy or 2'-0-methylmodifications, 
Iwwever, reduce the abiHty of siRNAs to mediate RNAi, probably by interfering with protein 
association for siRNP assembly. 

Target recognition is a highly sequence-specific process, mediated by tihe siKNA 
complementary to the target. The 3'-most nucleotide of the guide siRNA does not contribute 
to spedficity of target recognitidn, while the penultimate nucleotide of the 3' overhang 
aSects target RNA cleavage, and a mismatch reduces RNAi 2- to 4-fold, The 5' end of a 
guide siRNA also appears more perraissive for mismatched target RNA recognition when 
compared to the 3' end. Nucleotides in the center of the siRNA, located opposite the target 
BNA cleavage site, are important specificity detenninants and even single nucleotide 
changes reduce RNAi to an undetectable level. This suggests that siRNA duplexes may be 
able to discriminate mutant orpolymoipbic alleles in gene targeting experiments, which may 
become an important feature for future therapeutic developments. 

Sense and antisease siRIiJAs, when associated with tib.e protein componeuts of the 
endonuclease complex or its commitment complex, were suggested to play distinct roles; the 
relative orientation of the siRNA duplex in this con^Iex defines which strand can be used for 
taiget recognitiorL Synthetic siRNA duplexes have dyad symmetry witii respect to the 
double-helical structure, but not with respect to sequence. The association of siRNA 
duplexes with the RNAi proteins in the£>. melanogaster lysate will lead to formation of two 
asymmetric complexes. In such hypothetical complexes, the chiral enviromnent is distract 
for sense and antisense siRNA, hence their function. The pi«diction obviously does not 
apply to palmdromic siRNA sequences, or to RNAi proteins that could associate as 

60 



wo 03/099298 



PCT/EP03/05513 



homodimers. To miiiiimze sequence effects, which niay affect the ratio of sense and 
antisense-targeting siENPs, we suggest to use siRNA sequences with identical 3' 
ovarhangiiig sequences. We recommend adjusting fine sequence of the overhang of the sense 
siRNA to that of the antisense 3':overhang, because the sexise siRNA does not have a target 
in typical knockdown experiments. Asynunetry in reconstitution of sense and antiseose- 
cleaving siRNPs could be (partially) responsible for the variation in RNAi efficiency 
observed for various 21-nt siRNA duplexes with 2-nt3' overhangs used in this study (FIG. 
14). Alternatively, the nucleotide sequence at the target site and/or the accessibility of the 
target RNA stmcture may be responsible for the variation in efficiency for these siKNA 
duplexes. 

A number of embodiments of the invention have been described. Nevertheless, it will 
be understood that various modi&cations may be made without departing from the spirit and 
scope of the invention. Accordingly, other embodiments ate within the scope of the 
following claims. 
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WHAT IS CLAIMED IS: 

1 . A method of treating a subject comprising: 

(a) identifying a subject having, or at risk for having, unwanted cell 

proliferation; 

(b) providing an siRNA that is homologous to a gene that can promote cell 
proHferation,' and 

(c) administeringjthe siKNA to the subject, 
thereby treating the subject 

2. The method of claim I , wherein tiie subject has a malignant or noiunalignaiit cell 
proliferation. 

3. The method of claim I, wheiein the ssns encodes one of die group consisting of a 
growth factor, growtii factor receiptor, kinase, adaptor protein, and transcription fector. 

4. The method of claim 1; j wherein the gene is one of the group consisting of RAS, 
jm, c-MYC, cyclin D, and beta-catenin. 

5. The method of claim 1, wherein ihe subject has, or is at risk for having, one of the 
group consisting lung cancer, brdast cancer, colon cancer, or liver cancer. 

6. A method of treating a subject comprising: 

(a) identifying a subject having, or at risk for having, a disorder associated 
with a viral infection; 

(b) providing an siKNA thai: is homologous to a gene tiiat can mediate viral 

function; and 

(c) administering'the siRNA to the subject, 
thereby treating the subject. 



66 



wo 03/099298 



PCT/EP03/05513 



7. The method of claim 6, wherein tiie gene is a viral gene or an endogenous gene of 
tihe subject 

8. The method of claim 6, wherein the subject has, or is at risk for having, Acquired 
5 Immuoe Deficiency Syndrome (AIDS), asthma, or Hodgkin's disease. 

9. The method of claim 6, wherein the subject is infected by, or is at risk for being 
infected by a vims in the group consisting of Human limnunodeficiegacy Virus ^nV), ai 
h^atitis virus, respiratory syncy^al virus (RSV), or Epstein Barr Virus (EBV). 

10 

10. The method of claim'9, wherein the hepatitis virus is hepatitis A, B, or C. 

11. The method of claim '9, wherein the gene is Gag or Rev gene of HIV. 

15 12. A method oftreating.a subject comprising: 

(a) identifying a subject having, or at risk forhaving> a disorder characteristic 
of an unwanted immune respons^; 

(b) providing an s'iKKA that is homologous to a gene that can affect the 
unwanted immune response; and 

20 (c) administering the siRNA to the subject, 

thereby treating the subject. 

1 3 . The method of claim ,12, wherein the unwanted immune response is caused by an 
autoimmune disease or disorder. 

25 

14. The method of claim 12, wherein the gene is endogenous to the subject. 

15. The method of claim 12, wherein the subject has, or is at risk for having, 
inflammatoiy bowel disease, asthhia, multiple sclerosis, or a repetfiision injury. 

30 
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16. The method of claim 15, wherein the reperftision injury is associated with acute 
myocardial itifarction, unstable angina, cardiopulmonary bypass, or angioplasty. 

17. The method of claim 12, wherein the gene encodes a complement factor. 

18. The method of claim 12, wherein the gene encodes a protein selected firom the 
group consisting of VLA4, VCAM, ICAM, E-selectm (ELAM), C5 complement, TNFo, 
TNFA JL-2, IL-2R, JL-4, IL-4R,.IL-5, CCR3, Grol, Gro2, and C3ro3. 

1 9. A method of treating .a subject comprising: 

(a) identifying a subject having, or at risk for having, a disorder characterized 
by acute or chronic pain; 

(b) providing an siRNA that is homologous to a gene that can affect the 
processing of pain; and 

(c) administering the siKNA to the subject, 
thereby treating the subject. 

20. The method of claim 19, wherein the gene encodes a component of an ion 
channel, a neurotransmitter recepiwr, or a ligand of a neurotransmitter receptor. 

21 . A method of treating a subject comprising: 

(a) identifying a subject having, or at risk for having, a neurological disease 

or disorder, 

(b) providing an siKNTA that is homologous to a gene fliat can affect the 
neurological disease or disorder; and 

(c) administering the siRNA to the subject, 
thereby treating the subject. 

22. The method of claim 21, wherein the subject has, or is at risk for having, 
Alzheimer's disease, Parkinson's disease, or a trinucleotide r^eat disorder. 
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23. The method of claini-22, wherein the trinucleotide repeat disorder is 
Hiratington's disease, 

24. The method of claim21, wherein the gene encodes a protein selected fiora the 
group consisting of APP, PSENl, PSEN2, and c»-synuckin. 

25. A method of treating a subject having, or at risk for having, a loss of 
heterozygosity (LOH), the metiiod comprising: 

(a) identifying a subject having, or at risk for having, LOH; 

(b) determirang the genotype of an allele of a gene in a region of LOH in an 

LOH cell; 

(c) detemiining the genotype of both alleles of the gene in a normal cell; 

(d) providing an siRNA that is homologous to an allele of the gene in the 
LOH cell, but not houaologous toian allele of the gene in a normal cell; and 

(c) administering the siRNA to the subject, 
thereby treating the subject. 

26. The method of claim 25, wherein the subject has, or is at risk for having, a 

cancer. 

27. The method of claim 25, wherein the siRNA is homologous to an allele having a 
single nucleotide polymoipliism (SNP). 

28. The method of claim 25, wherein the LOH cell is a tumor cell. 

29. The method of claim 25, wherein the siRNA is homologous to an allele of the 
large subunit of human RNA polymerase E (P0LR2A), the repEcation protein A 70-kD 
subunit, replication protein A 32-kD subunit, ribonucleotide reductase, thymidilate synthase, 
TATA associated fector 2H, ribosomal protein S14, eukaryotic initiation factor 5 A, alanyl 
fRNA synthetase, cysteinyl tRNA;synthetase, NaK ATPase, alpha- 1 subuDit, or transferrin 
receptor. 
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30. Use of double-stranded RNA molecules, wherein each RNA strand has 
a length of 19-25 nucleotides for the manufacture of an agent for 
mediating target-specific nucleic acid modifications in mammalian cells 
or organisms. 

31. The use of claim 30, wherein at least one strand has a 3'-overhang 
from 1-5 nucleotides. 

32. The use of claims 30 or 31, wherein the target-specific nucleic acid 
modification is RNA interference. 

33. The use of any one of claims 30-32 for silencing at least one gene 
which promotes unwanted cell proliferation. 

34. The use of claim 33 wherein the gene is selected from the group 
consisting of growth factor genes, growth factor receptor genes, 
adaptor protein genes, genes encoding a G protein superfamily 
molecule and genes encoding a transcription factor. 

35. The use of any one of claims 30-32 for silencing at least one gene 
which mediates angiogenesis. 

36. The use of any one of claims 30-32 for silencing at least one viral gene 
or cellular gene which mediates viral function. 

37. The use of any one of claims 30-32 for silencing at least one gene 
from a bacterial, amoebic, parasitic or fungal pathogen. 

38. The use of any one of claims 30-32 for silencing at least one gene 
which mediates an unwanted immune response. 
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39. The use of any one of claims 30-32 for silencing at least one gene 
which mediates the processing of pain. 

40. The use of any one of claims 30-32 for silencing at least one gene 
which mediates a neurological disease or disorder. 

41 . The use of any one of claims 30-40 for the allele-specific silencing of 
at least one gene. 

42. The use of any one of claims 30-41 wherein the agent comprises the 
double-stranded RNA molecule as an active ingredient. 



43. 



The use of any one of claims 30-41 wherein the agent comprises 
vectors capable of expressing the double-stranded RNA moelcule as an 
active ingredient. 
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FIGURE 3B 



sense target J 

5 ' VmGpppGAACAAUUGCUUUUACAGAUGCACAUAUCGAGGUG 



antisense target dsRNAs ; 

3 ' CGCAUUAUGCUGAGUGAUAUCUUGUUAAC6AAAAUGUCUACGUGUAUAGCUCCAC 



AACAUCACGUACGCG^2!MaSjUCGAAAUGUCCGI3UC^ 



uuguagugcaugcgccuuaugaagcuuuacaggcaagccium:^^^^ 

\4 10 nt H h font ^ 

gauaugJ&ugaauacaaaucacagaaucgucguaugo^gugaaaacucucito^ 



CUAXIACCCGACDUAUGUUUAGUC|i:j^^^ 
*****^ |4 9nt H 



CUUUAUGCCUAUAGUGUCACCU2UUIU 3 ' 



GAAAUACGGpppGia? 5' 
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FIGURE 4A 

39 bp clsPp-lucp133 



5 ' GCACAUAUCGAGGUGAACAUCACGUACGCGGAAUACUUC 
3 ' CGUGUAUAGCUCCACUUGUAGUGCAUGCGCCUUAUGAAG 



52 bp dsPp-lucp133 

5 ' GCACAUAUC<&,G*GUGAACACrCACGUACGCGGAAUACDUCGAAAUGUCCGUUC 
3 ' CGUGUAUAGCUCCACUDGUAGUGCAUGCGCCUUAUGAAGCUljjJACAGGCAAG 



111 bp dsPp-lucp133 



5 ' gcacauaucgaggugaacauo^cguacgcg'cSJauaVuucgaaauguccgot^^ 



3 ' CGUGUAUAGCUCCACUUGUAQUGCAUGCGCCXJUAUGAAGCUUUACAGGCAAGCCA^ 




UGGCiWSiU^GCUAUGAAACGAUAUG^^ 
AC^C^GJJ^UUCGAUA^CUJ^^^ 
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FIGURE 4B 
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FIGURE 5A 



siRNAs/ 
dsRNA 

ds52 5 ' GCACAUAUCGAGGUGAACAUCACGUACGCGGAAukcUUCGAAAUGUCCGUUC 

(control) 3 ' CACGUGUAUAGCUCCACUUGUAGUGCAUGCGCCUUAUGAAGCUUUACAGGCAAG 
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FIGURE 5B 



sense target 



antisense target 



1 2 3 4 5 6 7, ^d^?§'12 34567, OA. 
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FIGURE 6A 
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FIGURE 7 
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12/23 

a 




5' ciaACG<^Ga^UACUOCGAUU 
UUGgAUGCG^CT^UGAAGCU 5' 

5' cloACGclGi^ACUUCGATT 
TTG^MJGCGgct^UGAAGCU 5' 

5' cotacgcIgaIuacuocgatt 

TTG|ATJGCGiCu|ATJGAAGCU 5' 

5' AGCUUCAUAAGGCGCAUGCTT 
TTUCGAAGUAUUCCGCGUACG 5' 

5' AAACAUGCAGAAAAUGCUGTT 
TTtrUUGaACGUCUtJDUACGAC 5' 
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-2 to 7 nt 
3' overhang 



sense siRNA (18-25nt) 



1 to 3 nt 
3' overhang 



B 



' CGUaCGCGGAAXJACtJUCGA 



S' CGUACGCGGAATJ&CUUCGZ^ 



5' CGUACGCGGaABftOroCGA&aU 




5' CGnaCGCGG&AUaCtniCaMATJGU 
TJGCAUGCGCCODAUGA&GCTO 5' 

5' cGaacGcaa&atrACOTJCGaaiUGiJC 



1-nt as 3' overhang 



' CGCrACGCGGAAOACUUCGiUUlirGa 
SUGCAUGCGCCUUftUGAAGCn 5' 

' cGuacGCGGZAuacDncaaaa.UGUc 



2-nt as 3' overhang 



18 19 20 21 22 23 24 25 
3' overhang of sense strand (nt) 
length of sense strand (nt) 



5' CGDaCGCGGaaUACUUCGAAAUGa 
AGUGCAUGCGCCnUAUGAAGC 5' 
5' CGUACGCGGAATJACnHCGAAA'aGUC 
AGUGCAUGCGCCUUAU6AAGC 5' 



•nt as 3' overhang 



3 4 5 6 7 



18 19 20 21 22 : 
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insert base pairs (B) 

A 

insert base pairs (C) 



B C 




20 21 22 23 24 25 20 21 22 23 

length of sIRNAs length of siRNAs 
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S 5' CGUACGCGGAAUACXJOCGAAA 
as GUGCAUGCGCCUTJAUGAAGCU 5' 
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